Effect of genotype-environment interaction on soybean
(Glycine max (L.) Merrill) germination, vigor index, and seed yield

Efecto de la interaccion genotipo por ambiente sobre la germinacion, indice
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The adverse edaphoclimatic conditions in the Orinoquia region
affect the soybean crop cycle, deteriorating seed quality. The aim
of this study was to investigate the effect of the genotype (G),
the environment (E), and their interaction (GxE) on the yield
and seed quality of six soybean varieties (Corpoica Superior 6,
Orinoquia 3, Soyica P34, Corpoica Taluma 5, and Agrosavia Pri-
mavera 11 of Colombian origin and Barreira of Brazilian origin)
in five environments of the Orinoquia Colombia region, two in
the second half of 2020 (LIBB: La Libertad and TALB: Taluma)
and three in the first half of 2021 (LIBA: La Libertad, TALA:
Taluma, and LEONAS), to determine their adaptation domain.
Highly significant differences (P<0.01) were observed between
G, E, and GxE for germination (GER) and seed yield (SY). A
similar situation was shown by the vigor index (VI), although
without differences between environments. The GGE biplot for
GER, and SY separated environments by year halves. Taluma
during the first half was the most discriminating environment
for the response variables, useful for genetic breeding programs
with a seed quality approach. Only in La Libertad during the
second half was GER above 80%. The most stable variety per
environment was Soyica P34 in two response variables, and the
best with specific adaptation were Corpoica Superior 6 and Ori-
noquia 3. These last two reached higher average values in GER
(69.6%; 63.1%), V1 (13.3; 13.4), and SY (1473 kg ha™; 1404 kg ha).

Key words: environmental adaptation, seed quality, stability,
water stress, oilseed crop, viability.

Las condiciones edafoclimaticas adversas en la Orinoquia
afectan el ciclo de cultivo de soya deteriorando la calidad de
las semillas. El objetivo de este estudio fue investigar el efecto
del genotipo-(G), el ambiente-(A) y su interaccion-(GxA) sobre
el rendimiento y la calidad de las semillas de seis variedades de
soya (Corpoica Superior 6, Orinoquia 3, Soyica P34, Corpoica
Taluma 5 y Agrosavia Primavera 11 de origen colombiano, y
Barreira de origen brasilero) en cinco ambientes de la Orino-
quia, Colombia, dos en el segundo semestre de 2020 (LIBB:
La Libertad y TALB: Taluma) y tres en el primer semestre de
2021 (LIBA: La Libertad, TALA: Taluma y LEONAS), para de-
terminar el dominio de adaptacién. Se observaron diferencias
altamente significativas (P<0.01) entre G, A y GxA para germi-
nacién (GER) y rendimiento de semillas (RS). Situacién similar
mostro el indice de vigor (VI), aunque sin diferencias entre
ambientes. El biplot-GGA para GER y RS separ6 ambientes
por semestre. Taluma, durante el primer semestre, fue el am-
biente mds discriminante para las variables respuesta, ttil para
programas de mejoramiento genético enfocados en calidad de
semillas. Solamente en La Libertad durante el segundo semes-
tre, GER estuvo por encima del 80%. La variedad mds estable
por ambiente fue Soyica P34 en dos variables respuesta, y las
mejores con adaptacion especifica fueron Corpoica Superior 6
y Orinoquia 3. Estas dos tltimas alcanzaron valores promedios
mas altos de GER (69.6%; 63.1%), VI (13.3; 13.4) y RS (1473 kg
ha'; 1404 kg ha™).

Palabras clave: adaptacion ambiental, calidad de semillas,
estabilidad, estrés hidrico, cultivo oleaginoso, viabilidad.

Introduction

Food security and sovereignty in Colombia face numerous
challenges due to the continuous increase in the popula-
tion, climate change, international conflicts, pandemics,
and the high dependence on imported food and supplies.
Therefore, cost-efficient, high-quality protein that meets
the needs of the human and animal populations should
be pursued. Due to its high protein, unsaturated fatty
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acids, and carbohydrate content, soybean constitutes an
excellent nutritional source for human populations and
animal feed. It is also an important alternative crop for
sustainable rotation due to its nitrogen fixation ability
(Ritchie & Roser, 2021).

The agro-climatic conditions to produce soybean seed in
Orinoquia are diverse and contrasting. In the first half

from April to August, the climatic conditions include high
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rainfall that affects ripening and leads to wet grain harvest,
causing seed deterioration. Seventy percent of this sow-
ing area shows these conditions, with excesses during the
entire crop cycle, particularly in the altillanura subregion,
where improved soils facilitate surface drainage. On the
contrary, in the second half from August to December,
20% is planted in the altillanura subregion, where alternat-
ing deficit/excess water periods occur; meanwhile, in the
foothills, the remaining 10% of the total area is planted
exclusively in this half. The climatic condition is highly
relevant when producing seeds, particularly water excess/
deficit and diseases (Gonzalez et al., 2008). For this reason,
itis essential to develop adapted varieties and their recom-
mendation domains to produce high-quality seeds suitable
to the conditions of the Orinoquia. The knowledge of the
genetic variations allows classifying contrasting genotypes
regarding adaptation, earliness, production, and seed qual-
ity to design effective genetic breeding strategies.

Viability and vigor are the most critical genetically con-
trolled seed quality traits, with significant repercussions on
production; their variability is due to gene pool differences.
The physiological and biochemical mechanisms by which
this variability is expressed are not yet fully understood, but
they are significantly influenced by the genotype (G), the
environment (E), management practices, and their inter-
actions (Bellaloui et al., 2011). Interactions are responsible
for the differential response of genotypes to environmental
diversity (Allard & Bradshaw, 1964).

Biplot graphs are useful in analyzing the GxE interac-
tion, classifying the main effects in an easy-to-interpret
way, estimating magnitude and direction and allowing
the visualization of the best germplasm combination per
environment and a more efficient selection (Ledn Castillo
et al.,2005). These graphs allow investigating the response
pattern of varieties in different environments. Further-
more, they increase the information available than the more
standard regression methods and principal component
analysis (PCA) without needing additional calculations
(Kempton, 1984).

The site regression (SREG) model is frequently used for data
analysis from multi-environment comparative yield trials,
especially in those that are determinant in the influence of
the genotype and their interaction. It includes G+GxE in
the bilinear term, providing a graphical analysis of yield
and stability behavior of genotypes called the GGE-biplot,
identifying genotypes with the highest potential in each
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environment and group’s genotypes and environments with
similar response patterns (Ibafez et al., 2006).

The adequate interpretation of the GXE interaction is criti-
cal in deciding which variety will be used and where the
high-quality seed will be produced. It is not enough to have
a variety with high germination power; it must also have
yield potential and stability to obtain the greatest benefits
in producing high-quality seeds. Vargas Herndndez and
Crossa (2000) describe the ease of interpreting the interac-
tion from the SREG-GGE-biplot, where the genotypes with
yields above the average are located on the right margin
of the vertical reference line, and those on the left margin
have lower-than-average yields. Likewise, the biplot allows
visualizing the most productive environments.

Accordingly, this research aimed to evaluate the effect of
the GxE interaction on germination, vigor index, and seed
yield of six soybean varieties under the edaphoclimatic
conditions in the Colombian Orinoquia region in order to
facilitate decision-making on the adaptation domains and
recommendations to produce high quality and quantity
seeds.

Materials and methods

Study area and plant material

The research was carried out with six varieties, five of
Colombian origin (Corpoica Superior 6 and Orinoquia 3
with days to maturity (DM) between 78 and 85 d, Soyica
P34, Corpoica Taluma 5, Agrosavia Primavera 11 and the
Brazilian variety Barreira with DM between 95 and 105
d. These were evaluated in five environments of the Co-
lombian Orinoquia region, two in the second half of 2020
(LIBB: La Libertad, TALB: Taluma) planted in August, and
three in the first half of 2021 (LIBA: La Libertad, TALA:
Taluma, finca LEONAS) planted in April-May. These
varieties show adaptation to the Colombian lower tropics
(Valencia-Ramirez & Ligarreto-Moreno, 2012).

Experimental design

Six soybean varieties were planted in five environments in
a complete randomized block design with four replicates;
each experimental unit consisted of six rows separated by
45 cm, with plants 5 cm apart, with a useful/work plot in
the four central rows. Chemical fertilization was adjusted
according to the soil analysis, and the biological fertiliza-
tion of nitrogen was carried out with Bradyrhizobium
japonicum (commercial product Rhizobiol-Agrosavia at
1 L ha" according to the manufacturer recommendations).
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Evaluation variables

The response variables to measure seed quality were ger-
mination (GER), vigor index (VI), and seed yield (SY),
defined as follows:

o GER percentage (ISTA, 2016);

o Germination speed (number of seeds that emerge per
day after sowing for 5 d);

o Viability, according to the tetrazolium test (FAO, 2019);

o Electrical conductivity, according to Marcos Filho
(2015);

o Seed vigor index (VI): Composed of standardized values
(mean 0, deviation 1) of seeds germinated with normal
seedlings (GERe), germination speed at day 5 (V5De),
viability (Ve), and electrical conductivity (CEe) accord-
ing to Equation 1:

VI = (GERe + V5De + Ve - CEe) 1)

o Seedyield (SY) according to Equation 2. Seed weight per
area unit (YIELD) corresponded to clean and classified
seeds dried to 14% moisture, which is the recommended
commercial moisture content (%).

SY (kg ha™) = YIELD (kg ha') X GER/100 )

Statistical analyses

A combined analysis of variance was performed for GER,
VI, and SY using the General Linear Model procedure of
the SAS statistical program. Normality and homogeneity
assumptions of variances were analyzed by the Shapiro-
Wilk (1965) and Bartlett tests, respectively, with this same
statistical program. The GxE interaction was evaluated
using the SREG-GGE-biplot methodology proposed by
Crossa et al. (2002), Burgueiio et al. (2002), and Yan and
Kang (2003) to measure the specific adaptation and phe-
notypic stability (Eq. 3).

Y, = p + Pe + EN An ygn den + pge (3)

where Y, —average performance of genotype g in environ-
ment e, u — overall mean, 3, - deviations from environment
means, N — number of Principal Components (PCs) re-
tained in the model, An - singular PC value, ygn - genotype
vector values for each PC, en - environment vector values
for each PC, and pge - residual.

The SAS program for the SREG-GGE fixed effects and
Gollob’s test (Suppl. Tab. 1), mentioned by Vargas Hernan-
dez and Crossa (2000) to determine the significance of each
SREG term, were obtained from www.cimmyt.cgiar.org/
biornetrics. When GxE was significant, the GGE biplot

statistical tool facilitated interpreting the GxE interaction
according to Yan et al. (2000).

Stability (VE) was calculated according to Purchase et al.
(2000) to establish the phenotypic stability of each variety
depending on the environment (Eq. 4).

VE = V[(SS - PC1/SS - PC2) x (PClscore)* + (PC2score)’] (4)

where VE - GGE stability value, SS—PC1 and SS—PC2
are sum of squares of PC1 and PC2 with the highest con-
tribution to the variance, and PClscore and PC2score are
values of components 1 and 2 per genotype, respectively.

Results and discussion

The combined analysis of variance for GER, VI, and SY
showed highly significant differences (P<0.01; R*=0.87-
0.92; CV=13.3-24.6%). Similarly, highly significant differ-
ences (P<0.01) were found for varieties, environments, and
their interaction for germination and seed yield. Yan and
Rajcan (2002) found similar results in Canada. However,
no differences were observed between environments for VI.
The statistical significance of the GxE interaction for the
three variables implies that the average response of these
cannot identify superior varieties since the phenotypic
classification varies significantly across environments (Va-
lencia & Ligarreto, 2010). When partitioning the variance
components, the highest contribution in GER was by the
environment, followed by GxE, for VI the highest contri-
bution was by genotype, and for seed yield, the highest
contribution was by the environment (Tab. 1).

The PCA and SREG-GGE-biplot graphs allowed interpret-
ing the GxE interaction, defining variety performance
(vield) through the environments and determining the
specific or general varietal adaptation. The highest contri-
bution of the variance was in the first two components, with
an accumulated value of 89.31% for GER, 96.65% for VI, and
77.4% for SY (Tab. 2). VI was measured in the most critical
environments of the first half, of greater interest since the
environmental conditions due to excess water were very
marked from physiological maturity to grain harvest.

The first component (SREG) represented the highest pro-
portion of the variability, with the highest negative projec-
tion for the variety Agrosavia Primavera 11 in GER, VI,
and SY; meanwhile, Corpoica Superior 6 and Orinoquia 3
had the highest positive projection (Tab. 3). Regarding the
environment, the highest negative contribution for GER
and SY was registered in TALB, and the highest positive
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projection in TALA. For VI, no statistical differences were
observed in the three environments. These results indicate
that TALA was the most discriminating environment for
GER and SY due to its higher PC1 projection, which is
highly relevant for future genetic breeding programs.

GXE interaction analysis (GGE-biplot)

The edaphoclimatic conditions contrasted greatly in pre-
cipitation, water excesses and deficits, relative humidity,
temperature, and in the physicochemical properties of the
soils. This singularity makes the GXE interaction study
more relevant to define the best environment to produce
high-quality seed and higher grain yield. However, high

GxE negatively impacts heritability. Thus, the lower the
heritability of a trait, the greater the difficulty in improving
that trait via selection (Yan & Kang, 2003).

The main genotypic effect and the GxE interaction of a
GxE data set (Yan et al., 2000) are shown in a GGE-biplot,
where the variation sources of G and GxE constitute the
most critical part of the variation when evaluating varieties
(Yan & Kang 2003). This multivariate technique allowed
stratifying environments and ranking varieties, clearly
separating the LIBA, TALA, and LEONAS environments
of the first half vs. LIBB and TALB of the second half and
revealing the wide adaptation of the Soyica P34 variety,

TABLE 1. Sum of squares (SS) and contribution of the total variance by source of variation for germination (GER), vigor index (IV), and seed yield

(SY) of soybean varieties in the Colombian Orinoquia region.

GER (%) Vi SY (kg ha™)
Source of variation DF
SS Participation (%) SS Participation (%) SS Participation (%)

Environment 4 77511 47.8 0.100 0.04 5829197.8** 56.9
Genotype 5 2046.3* 12.6 129.6** 7519 1239327.2** 121
Genotype x Environment 20 6419.9** 39.6 4.7 24.78 3173004.9** 31.0

R? 0.92 0.9 0.87

CV(%) 15.3 13.3 24.6

**Highly significant differences (P<0.01) according to a combined analysis of variance (ANOVA).

TABLE 2. Participation of the variance by the principal and accumulated components for germination, vigor index, and seed yield.

Principal Germination Vigor index Seed yield
Component Part.-SS (%) Accum. (%) Part.-SS (%) Accum. (%) Part.-SS (%) Accum. (%)
PC1 72.54*~ 72.54 77.62** 77.63 55.556™ 55.55
PC2 16.76** 89.31 19.02*> 96.65 21.85™~ 774
Part.-SS - participation in Sum of squares; Accum. - accumulated components.
**Highly significant differences (P<0.01) according to a principal component analysis (PCA).
TABLE 3. Means and principal components PC1 and PC2 per variety and environment.
GER PC1 PC2 Vi PC1 PC2 SY PC1 PC2
Barreira 57.35 -2.24 3.7 9.25 -0.56 1.65 1,290.31 -8.25 25.06
Orinoquia 3 69.55 4.88 1.59 13.25 1.67 -0.81 1,47318 17.86 -2.63
_-E', Primavera 11 46.90 -4.36 -1.67 6.21 -1.91 -1.15 929.40 -20.65 -13.87
E Soyica P34 58.29 -0.51 1.86 10.78 0.41 0.91 1,083.65 0.14 6.34
Superior 6 63.06 4.84 -2.1 13.39 1.7 -0.36 1,404.6 24.06 -6.17
Taluma 5 46.45 -2.61 -2.79 1.62 -1.32 -0.23 1,009.02 -13.16 -8.73
LEONAS 2021 56.29 3.98 1.4 1013 1.57 0.67 948.09 14.06 -1.64
E LIBA 2021 59.29 2.42 5.16 10.00 1.79 2.03 1,549.33 11.20 29.83
S TALA 2021 32.66 116 -0.10 1013 242 -1.07 649.39 34.59 -8.04
E LIBB 2020 83.08 -1.49 0.50 1,860.6 1.51 015
TALB 2020 53.34 -1.81 2.96 984.39 -6.62 4.99

GER — seed germination (%); VI - vigor index; SY — seed yield (kg ha™).
GXE interaction analysis (GGE-biplot).
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whose coordinates were closer to zero (<GxE). The varieties
or locations with negative or positive coordinates furthest
from the main axis, such as Orinoquia 3 and Corpoica
Superior 6, contributed the most to GxE. In general, the
most favorable environment for SY was LIBB, and the most
unfavorable were, in order, TALA, TALB, and LEONAS.

Germination-(GGE-biplot)

A clear separation of environments by year halves is ob-
served (Fig. 1). The responses of the second half are found
in the left margin, and those of the first halfare in the right
margin. This differential varietal response is attributed to
a specific adaptation (Yan & Kang, 2003). Simultaneously,
the biplot separated early varieties (Orinoquia 3, Corpoica
Superior 6) from intermediate (Soyica P34, Barreira) and
late (Corpoica Taluma 5, Agrosavia Primavera 11). TALA
and LEONAS shared the same sector, with similar varietal
response, so all the environments are valid for evaluat-
ing the germination performance of soybean in the first
half. However, TALA, showing a greater projection with
less interaction (vector closer to zero in PC2), is the most
discriminating environment with the highest varietal dif-
ferences in germination.

LIBA is located in a second sector with higher interaction
(higher PC2) and a vectorial projection opposite Agrosa-
via Primavera 11 and Corpoica Taluma 5, indicating an
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unfavorable GER environment for these. On the left mar-
gin, TALB and LIBB were located in sectors three and four.
These are similar environments to evaluate in the second
half, although LIBB is a more stable and favorable environ-
ment for the varieties because it is very close to zero on both
axes. Both registered the best levels of GER, but the least
discriminating environment is LIBB because it projects a
short vector (Yan & Kang, 2003). In LIBA, a situation with
high interaction occurred; therefore, it is unrepresentative
and discarded for genotype selection processes for GER.

In general, the varieties showed higher average germination
in LIBB (83.1%), characterized by its higher fertility with a
cation exchange capacity of 3.14 meq/100 g, organic matter
contents of 2.39%, and phosphorus content of 5.94 mg kg™,
with 715 mm of water availability throughout the crop
cycle, and low presence of foliar and seed pathogens. The
exception was Corpoica Superior 6 (71% GER) due to excess
water between maturity and harvest and a greater incidence
of pathogens (Phomopsis sp.) TALA registered the most
unfavorable edaphoclimatic conditions for seed germina-
tion, with frequent and intense rainfall (478 mm) prevail-
ing in the final phase of the cycle, and higher presence of
foliar diseases such as Cercospora sojina and Xanthomonas
axonopodis, and seed pathogens such as Phomopsis sp.
and Fusarium sp. Padua et al. (2009) demonstrated that
water stress in the soybean grain-filling stage reduces seed

CP1

FIGURE 1. Site regression (SREG) (SREG)-model genotype-genotype x environment (GGE) biplot for seed germination of six soybean varieties
(Corpoica Superior 6 (Sup6), Orinoquia 3, Soyica P34 (Soyp34), Corpoica Taluma 5, and Agrosavia Primavera 11 of Colombian origin and Barreira
of Brazilian origin) in five environments of the Orinoquia region with two in the second half of 2020 (LIBB: La Libertad, TALB: Taluma) planted in
August, and three in the first half of 2021 (LIBA: La Libertad, TALA: Taluma, finca LEONAS) planted in April-May.
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germination, worsened by high temperatures (>28°C). In
this environment, Corpoica Superior 6 and Orinoquia 3
registered the best performance of germination (68.2 and
75%, respectively) compared to the others (<26%). In the
GER-biplot, Barreira, Soyica P34, Corpoica Taluma 5,
and Agrosavia Primavera 11 recorded the highest GER
in the second half in LIBB and TALB. Corpoica Superior
6 registered its highest germination in LEONAS (85.8%)
and Orinoquia 3 in LIBA and TALA of the first half (75%).
These two varieties in the first half, characterized by ex-
cess water, show relatively better behavior in GER due to
their genetic attributes, such as greater earliness (>95 d
after emergence) and uniform maturation without foliar
retention, favoring grain quality. The most unfavorable
environment for these two varieties was TALB, mainly
attributed to the water deficit in the phenological stages
between R5 and R7. Drought in the critical stages of seed
formation and filling decreases seed size and germination
capacity (Sanchez & Pinchinat, 1974).

In the GGE-biplot, PCI represents the main effects or
average behavior of the genotype, and PC2 represents the
GxE effects per genotype, considered a stability measure
(Yan et al., 2000). Based on the stability analysis proposed
by Purchase et al. (2000), Soyica P34 was the most stable
(VE=2.9), and Corpoica Superior 6 (VE=21.1) and Orino-
quia 3 (VE=21.2) were the most unstable. However, the most
stable variety had a lower average germination percentage
than the most unstable ones, suggesting a varietal-specific
adaptation to produce high-quality seeds. The GER of
Soyica P34 ranged between 25.9 and 69.3% in the first half;
therefore, together with Barreira, Corpoica Taluma 5, and
Agrosavia Primavera 11, they are not recommended for
planting in the first half due to their higher leaf retention,
longer cycle and sensitivity to foliar and seed pathogens.

The contrast between the environments and the differential
response of varieties is notorious. LIBB was characterized
by excess water in the growth and development periods
and little water in the physiological maturity to harvest
period. This circumstance favored the uniform drying of
the plants and the lower attack of pathogens. At the same
time, TALA showed excess water at the end of the vegetative
cycle, noticeably affecting intermediate and late varieties,
which suffered leaf retention, green stems, and higher
pathogen attack.

6

Sowing in the altillanura subregion is traditionally carried
outin April, with harvest in July-August, months with high
rainfall where the seed has high water content (>18%), a
condition that causes its rapid deterioration. On the con-
trary, in the altillanura and foothill subregions, sowing is
done in August and early September and is harvested in the
dry period of December-January, where the seed reaches
a favorable humidity (13-15%), showing a differential re-
sponse of the varieties attributed to adaptation, earliness,
uniformity at maturity and resistance to both foliar and
seed pathogens. Environmental stress in soybean plant
cultivation reduces germination and vigor even in healthy
seeds (Egli et al., 2005).

Vigor index (GGE-biplot)

The V1, as a variable composed of germination, viability,
and electrical conductivity, was assessed only in the first
half due to the high vulnerability of the seeds to excess
water that deteriorates, and favors the presence of patho-
gens. In the GGE-biplot, a PCI dimension with the highest
positive contribution for Corpoica Superior 6 and followed
by Orinoquiai 3. Soyica P34 was the most stable, with the
vector closest to zero in both dimensions, while the others,
such as Agrosavia Primavera 11, had a negative and more
marked response in projection (Fig. 2).

TALA and LEONAS showed similar behavior, discriminat-
ing similarly the varietal behavior in VI. Consistent with
the GER response, the biplot for VI showed the similar
performance of the varieties in LEONAS and TALA,
very distant from LIBA with higher positive interaction.
The first two belong to the altillanura subregion, and the
second to the foothills, suggesting that the geographical
location has a high relevance in the differential response
of the varieties.

The varieties with the highest VI were Corpoica Su-
perior 6 and Orinoquia 3, with positive values. For its
part, Soyica P34 was the most stable variety; the rest of
the varieties showed a negative response in their order:
Barreira, Corpoica Taluma 5, and Agrosavia Primavera
11 (Fig. 2). These results evidence that the varieties with
higher GER showed higher VI with a highly significant
correlation (P<0.01) of 81%. These results suggest that it is
enough solely to carry out germination tests to establish
a seed quality opinion.
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ALA

FIGURE 2. Site regression (SREG)-model genotype-genotype x environment (GGE) for seed vigor index in three environments (LIBA: La Libertad,

TALA: Taluma, finca LEONAS) of the Colombian Orinoquia.

Seed yield (GGE-biplot)

In seed yield response variable composed of the SY and
the GER percentage, a clear separation of environments
is observed (Fig. 3), with a greater positive projection for
the three environments of the first half, similar to GER.
LIBB showed a positive projection for both PCs and was
considered a more stable environment, and TALB exhibited
a slightly negative projection for PC1 and a positive one for
PC2 (Fig. 3A). An opposite response is found in LEONAS
and TALA. Although they similarly discriminate varieties
concerning SY, TALA has a greater projection and proxim-
ity to the abscissas. It is the most favorable environment for
selecting future lines with comparative advantages in SY.
According to Yan et al. (2000) and Yan and Rajcan (2002),
sectors with higher values in PC1 and lower in PC2 receive
the greatest interest because they facilitate discrimination
for the trait under study. They also improve the effective-
ness of the selection process for superior genotypes. The
ideal evaluation environment could have a high PC1 and be
more discriminating of the genotypes regarding the main
genotypic effect. Furthermore, it also could have a small
PC2 coefficient as the most representative of the environ-
ments (Yan & Rajcan, 2002).

In contrast, seed yield selection may not be successful
in LIBA, with a low relative PC1 value and a high rela-
tive PC2 value. On the other hand, LIBB, a more stable

environment, and TALB, with very low interaction, show
similar varietal behavior for SY; therefore, the selection in
these environments is not relevant. According to Crossa et
al. (1990), environments with PC1 close to zero have little
interaction and low genotype discrimination. Blanche and
Myers (2006) state that a discriminant locality maximizes
the phenotypic variation observed between genotypes for
a specific trait. Genotype selection efficiency and success
in genetic breeding programs are high in these locations.
The discriminating ability of a locality comprises various
factors, including soil type, pathogens, field drainage,
temperature, precipitation, soil fertility, and management
practices.

Concerning varietal behavior, Orinoquia 3 and Corpoica
Superior 6 had a positive projection for PC1 and a low nega-
tive projection for PC2. Soyica P34, the most stable variety
(VE=0.4), presented values close to zero. The rest of the
varieties registered negative PC2 components. Agrosavia
Primavera 11 recorded the highest negative projection for
both components and was highly unstable (VE=56.4) (Fig.
3A). This variety has the worst SY performance in the first
half, followed by Corpoica Taluma 5, demonstrating vari-
etal differences in adaptation. This differential response
of soybean genotypes in contrasting environments has
previously been reported (Ngalamu et al., 2013; Salmerén
etal., 2017).
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FIGURE 3. A and B) Site regression (SREG)-model genotype-genotype x environment (GGE) biplot for seed yield in five environments of the Orinoquia
region, two in the second half of 2020 planted in August (LIBB: La Libertad, TALB: Taluma), and three in the first half of 2021 planted in April-May

(LIBA: La Libertad, TALA: Taluma, finca LEONAS).

The highest average SY was registered in LIBB and LIBA,
and varieties Orinoquia 3 and Corpoica Superior 6 stood
out (1,473 and 1,404 kg ha™, respectively), while the others
reached a much lower value than the average (1,210 kg ha™)
(Fig. 3B). In general, all the varieties performed best in
LIBB, with statistical differences in SY between Agrosavia
Primavera 11 and Corpoica Taluma 5. The early varieties
Corpoica Superior 6 and Orinoquia 3, as well as Barreira,
significantly outperformed Agrosavia Primavera 11 and
Corpoica Taluma 5 (Tab. 4). TALB showed alternating
rainy and dry periods, where water deficit predominated,

8

particularly in the phenological stages R5 and R7. Rainfall
and temperature are the main factors responsible for grain
yield fluctuation in much of the tropics (Carmello et al.,
2016).

In Taluma or LEONAS, complementary irrigation must
be applied during the second half of the year, since the
water deficit was the most decisive factor for seed qual-
ity and quantity in all varieties. If high seed quality and
quantity need to be produced in the first half, only varieties
adapted to this edaphoclimatic condition that are early or
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precocious and have uniform drying should be planted.
Moreover, fungicides must be applied to protect the seeds
from pathogenic fungi, and a seed drying unit must be
used to lower seed moisture gradually without affecting
the embryo at a temperature below 40°C.

Orinoquia 3 and Corpoica Superior 6 stood out for their
higher average varietal response (GER, VI, and SY), with
a highly favorable response for planting in the first half. In
this period, high frequency and intense rainfall predomi-
nates and these early varieties ripen and dry uniformly
up to harvest without leaf retention. Although Orinoquia
3 and Corpoica Superior 6 can perform well in the second
half with good management practices, the same does not
occur with Agrosavia Primavera 11 Barreira, Corpoica
Taluma 5, and Soyica P34 in the first half. This is because
they are intermediate to late varieties showing genetic leaf
retention at physiological maturity and uneven maturation,
which delays harvesting, facilitating pathogen proliferation.
These genetic traits are vital to close the gap regarding
the quality and quantity of seed produced in Orinoquia,
particularly in the altillanura subregion, where the only
adequate strategy is genetic breeding.

TABLE 4. Soybean seed yield (kg ha™) of six soybean varieties in five
environments of the Golombian Orinoquia.

Environment

Genotype

LIBB TALB LIBA TALA  LEONAS Mean
Barreira 1871%"  1366°  2180° 183" 852% 1290
Orinoquia3 ~ 2139® 1067 1646 1337 1178 1473
Primavera 11 1535  1410°  870° 131° 702° 929°
SoyicaP34 ~ 1652* 595" 1795 568 809® 1084
Superior 6 1701 812°  1633® 1518 1360° 1405°
Taluma 5 22678 657° 1174 160° 787% 1009°
Mean 1861 984° 1549  649° 948°

*Means with different letters in the same line are significantly different at P<0.01 according
to Tukey’s test.

Conclusions

The GxE interaction is highly relevant for defining the
adaptation domain and recommending varieties with high
germination potential and seed yield. The SREG-GGE-
biplot graphic analysis identified TALA as the most dis-
criminating and useful environment for genetic breeding
processes focused on quality and seed yield.

Varieties Corpoica Superior 6 and Orinoquia 3 stood out
for their better performance and seed quality due to their
earliness, uniformity, and high seed yield potential. Seed

germination potential and seed yield depended on the
variety and the environment; GXE did not allow for gen-
eralization. The second half was the best time to produce
seeds, particularly in La Libertad, with an advantage over
Taluma. Moreover, La Libertad was the best environment
to obtain better yields in the first half.
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SUPPLEMENTARY TABLE 1. Complete analysis of variance from means using Gollob’s procedures (1968).

Source of variation
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PC2 G+A-1-(2x2) 22,
PCn G-+A-1-(2xn) 2,
Mean error GxE(n-1) SS (mean error)
Total GXEr-1 SS (total)
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