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Abstract

Purple corn (Zea mays L.) is a nutraceutical crop of increasing economic importance in Peru,
yet its productivity is highly influenced by genotype x environment (G x E) interactions
across heterogeneous agro-ecological zones. Therefore, selecting suitable genotypes for spe-
cific environments is essential to optimize variety deployment and maximize site-specific
yield. Five purple-maize genotypes (INIA-601, INIA-615, Cantefio, PMV-581, and Sintético-
MM) were evaluated in four contrasting Peruvian sites using a randomized complete-block
design. Grain yield, field weight, anthesis—silking interval (ASI), plant height, and ear-rot
incidence were analyzed with combined analysis of variance (ANOVA), the additive main
effects and multiplicative interaction (AMMI), genotype and genotype-by-environment
(GGE) biplots, Weighted Average of Absolute Scores (WAAS), weighted average of absolute
scores and best yield index (WAASBY), and Y x WAAS indices. Environment accounted
for 90.1% of field-weight variation (p < 0.0001) and 50.2% of grain-yield variation (p < 0.001),
while significant G X E interactions (3.93% and 18.14%, respectively) justified bilinear
modeling. AMMII1 and GGE “which-won-where” biplots identified INIA-615 and PMV-581
as broadly adapted, with INIA-615 achieving the highest WAASBY and positioning in
quadrant IV of Y x WAAS (high yield, high stability). INIA-601 and Sintético-MM exhib-
ited exceptional stability (low ASV) but moderate productivity; Cantefio showed limited
adaptability. Chumbibamba emerged as a key discriminating, high-productivity location.
From an agronomic perspective, INIA-615 is recommended for high-productivity valleys
such as Sulluscocha and Santa Rita, where its yield potential and stability are maximized.
These findings underscore the potential of integrating multivariate stability metrics with
physiological and disease-resistance traits to guide the selection of superior purple corn
cultivars. Overall, INIA-615 represents a robust candidate for enhancing yield stability,
supporting sustainable intensification, and expanding the nutraceutical value chain of
purple corn in the Andean highlands.
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1. Introduction

Peru harbors an exceptional level of natural genetic diversity, which has enabled
the domestication and diversification of a wide range of crops. Among these, purple
corn (Zea mays L.) stands out as one of the 52 landraces classified within the Kculli race,
traditionally cultivated in the Andean highlands [1]. Its intense purple pigmentation is
due to the accumulation of anthocyanins, a subclass of flavonoids localized in the bracts,
kernels, and cob, which exhibit effective antioxidant properties [2,3].

Notably, anthocyanins in purple corn have demonstrated superior free radical scav-
enging activity compared to other common antioxidants such as quercetin [4], catechins [5],
and butylated hydroxyanisole [6]. These properties have contributed to the growing recog-
nition of purple corn as a nutraceutical crop with potential health benefits, including
mitigating oxidative stress and reducing the risk of cardiovascular diseases and certain
cancers [7,8]. As a result, market demand has increased significantly, and its production in
Peru has shown sustained growth over the past five years, with the national average yield
reaching [9].

Agronomic performance in maize frequently exhibits significant differences when
grown across diverse environments [10]. In particular, grain yield and quality in maize
are highly influenced by both genetic and environmental factors, making it essential
to investigate genotype x environment (G x E) interactions to identify cultivars with
high adaptability and phenotypic stability across diverse agro-ecological zones [11-14].
Therefore, G x E interactions provide insights for identifying genotypes that combine
superior average performance with stability under variable field conditions [15,16]. This
evaluation aimed to identify and distinguish genotypes that combine superior average
performance with robust stability across a range of environmental conditions, which is
indispensable for selecting cultivars that exhibit both high productivity and adaptability in
multi-environment trials [17].

Furthermore, modern hybrid development focuses on achieving both high and stable
yields across a broad spectrum of environmental conditions. The successful identification
of such hybrids depends on rigorous evaluation under diverse environmental scenar-
ios [18]. However, their adaptation is a gradual and long-term process, necessitating
extensive multi-location trials before they can be confidently recommended for specific
agro-ecological zones [19,20]. As highlighted by Yan et al. [21], genotype performance in
multi-environment trials is significantly influenced not only by the main effects of genotype
(G) and environment (E), but also by their interaction (G x E), which often plays a decisive
role in determining yield outcomes.

The urgency of resolving G x E complexities is amplified by climate change and the
rising demand for nutritionally rich crops like purple corn. Recent advances in G x E
analysis, particularly using the additive main effects and multiplicative interaction (AMMI)
model, offer an effective framework to dissect G x E interactions and identify genotypes
that consistently perform well across variable environments [22-27]. These approaches
have been increasingly applied in Andean crops, including purple corn, due to their
ability to decompose interaction effects and inform breeding strategies under climatic
uncertainty [2,28].

In this evolving context, robust statistical tools are essential to identify adaptive
responses and environmental suitability. AMMI models offer a powerful framework to
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elucidate adaptation patterns in complex environments, enabling more precise genotype
selection [29,30]. Furthermore, complementary indices such as the AMMI Stability Value
(ASV), Weighted Average of Absolute Scores (WAAS), and WAASBY provide integrative
assessments of genotype performance and stability [31,32]. Meanwhile, GGE biplot analysis
has emerged as a standard method for visually interpreting “which-won-where” patterns,
facilitating the identification of mega-environments and specifically adapted genotypes [33].

This evaluation is particularly relevant in the Peruvian Andes, where heterogeneous
agro-ecological conditions pose a challenge for stable and high-performing cultivar deploy-
ment. The objective of this study was to evaluate the agronomic performance and stability
of five purple corn genotypes (INIA-601, INIA-615 Negro Canaan, Cantefio, PMV-581, and
Sintético-MM) across four contrasting regions of Peru: Arequipa, Ayacucho, Cajamarca,
and La Libertad. By applying the additive main effects and multiplicative interaction
(AMMI) model more tightly with complementary stability indices, including genotype and
genotype-by-environment (GGE) biplots, Weighted Average of Absolute Scores (WAAS),
weighted average of absolute scores and best yield index (WAASBY), and Y x WAAS
indices. This study aimed to assess the adaptability and phenotypic stability of purple
corn genotypes using a combination of multivariate stability models. The objective was to
identify those genotypes exhibiting superior yield stability and adaptability across distinct
agro-ecological zones of Peru. The findings are expected to provide valuable insights
for breeding programs and to support the sustainable intensification and geographical
expansion of purple corn cultivation within highland agroecosystems

2. Materials and Methods
2.1. Study Site

The field experiment was conducted during the 2023-2024 cropping season across
four contrasting agro-ecological zones in Peru: (i) Sulluscocha, Namora district, Cajamarca
(78°22/38.32" W, 07°1216.25" S, 2987 m.a.s.l.), with a maximum temperature of 25.7 °C,
minimum of 3 °C, average of 16.5 °C, and 61.2% relative humidity. (ii) Vista Florida Ex-
perimental Station, Pisci district, Lambayeque (79°46'49” W, 06°43'44" S, 42 m.a.s.1.), with
temperatures ranging from 11.8 °C to 30.0 °C and 75% relative humidity. (iii) Santa Rita
de Siguas, Arequipa (72°05'22"” W, 16°29'35” S, 1265 m.a.s.l.), with an average tempera-
ture of 19.8 °C, maximum of 33.9 °C, minimum of 5.2 °C, and 52.1% relative humidity.
(iv) Chumbibamba, Apurimac (73°23'18"” W, 13°39'02” S, 2890 m.a.s.1.), with temperatures
ranging from 10.3 °C to 13.5 °C and 78.2% relative humidity (Figures 1 and 2).

Before establishing the trial, composite soil samples (15 subsamples per site, 0-30 cm
depth) were collected, homogenized, and analyzed in the soil, water, and foliar laboratories
(LABSAF) of each experimental station. The soils displayed substantial heterogeneity
across environments (Table 1).

Table 1. Soil chemical properties at the experimental sites prior to the implementation of management

practices.
Environment
Physicochemical Properties Units 5 3 5 3
Vista Florida Santa Rita Chumbibamba Sulluscocha

pH unid. pH 7.7 7.7 6.5 8.1
Electrical conductivity mS/m 3.1 117.4 3.6 115

Organic matter % 1.25 14 2.5 4.0

Nitrogen % - - 0.13 -

Available phosphorus mg/kg 6.6 69.5 57.8 13.9
Available potassium mg/kg 128 813.38 146.38 277.1
Calcium carbonate % 3.06 21 ) 12.69

equivalent
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Table 1. Cont.
Environment
Physicochemical Properties Units
Vista Florida Santa Rita Chumbibamba Sulluscocha
SoilTexture
Sand % 60 78.6 48 -
Silt % 17 10.2 22 -
Clay % 23 11.2 30 -
Textural Class Sarllgzncllay Loam Clay loam Clay loam

Note: “-” indicates that no data were available.

Legend
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Figure 1. Experimental trials were conducted in four locations across different agro-ecological
regions of Peru. The gray-shaded area in each inset map represents the department where the
experiment was carried out, and the red dots indicates the specific location within the province.
(A) Sulluscocha (Cajamarca), (B) Vista Florida (Lambayeque), (C) Santa Rita de Siguas (Arequipa),
and (D) Chumbibamba (Apurimac).
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Figure 2. Temperature and humidity recorded during the experimental period. (A) Sulluscocha,
(B) Vista Florida, (C) Santa Rita Experimental Station, and (D) Chumbibamba Experimental Station.
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2.2. Plant Material and Treatments

Five purple corn genotypes with high yield potential and agronomic adaptability were
evaluated: Cantefio (G1), INIA-601 (G2), INIA-615 (G3), PMV-581 (G4), and Sintético-MM

(G5) hybrids (Table 2).

Table 2. Genetic origin and key agronomic traits of the five purple corn genotypes evaluated across

four Peruvian environments.

Genotype

Description

Reference

INIA 601

This variety was developed in 1990 at the Cajabamba Experimental Station. It
originated from a population of 256 progenies, comprising 108 derived from the
purple corn variety Caraz and 148 from the local variety Negro Bafiosbamba.
INIA-601 is characterized by a plant height of 2.16 m, female flowering at 98 days,
a thousand-seed weight of 456.2 g, and an average grain yield of 3.0 t ha=!.

[34]

INIA 615

Developed from 36 collections of Kully-race local cultivars gathered in 1990 from
the provinces of Huanta, Huamanga, and San Miguel, this variety was refined
through nine consecutive cycles of half-sib recurrent selection. It was improved
through nine cycles of half-sib recurrent selection. INIA-615 exhibits the following
characteristics: plant height of 2.28 m, female flowering between 84 and 92 days,
and an average commercial yield of 7.8 tha~!.

[35]

Cantefio

Derived from the Cuzco race, this variety represents the predominant purple corn
consumed in Lima. It is characterized by large kernels arranged in well-defined
rows on the cob. The Canterio variety shows an average grain yield ranging from
1.50to 1.90 t ha™?.

[2,36,37]

PMYV 581

PMV-581 is an improved purple corn genotype developed at the Universidad
Nacional Agraria La Molina using germplasm derived from Morado de Caraz. It
has an intermediate growth cycle and produces elongated, medium-sized ears
(15-20 cm) with high anthocyanin content. Under well-managed production
conditions, PMV-581 can reach grain yields of up to 6 t ha™!.

[38]

Sintético-MM

Morado Mejorado (MM) is a synthetic purple corn variety derived from INIA 601
and developed through recurrent selection of S1 progenies at the Bafios del Inca
Experimental Station (INIA-Peru).

[2]

2.3. Experimental Design and Agronomic Management

A randomized complete-block design (RCBD) was implemented with three replica-
tions and five genotypes randomly distributed within each block. Each experimental unit
measured 16 m? (5.00 m length x 3.20 m width), consisting of four rows spaced 0.75 m
apart. Plants were spaced at 0.50 m within rows, with 10-12 planting spots per row, with
two to three seeds sown per hill. This arrangement resulted in an effective planting density
of approximately 7 plants m 2. The seeds were placed at a depth approximately twice their
size (about 4-5 cm). Buffer zones of 1.00 m between blocks and 0.80 m at plot ends were
maintained to minimize border effects (Figure S1).

Field preparation was conducted one month before sowing through mechanical tillage,
including plowing, harrowing, and leveling. Irrigation and fertilization practices varied
among locations depending on soil fertility and available technology. Fertilization was
adjusted according to soil analysis and local recommendations, applying mineral fertilizers
equivalent to 180-80-60 (Santa Rita), 240-120-140 (Vista Florida), 90-120-60 (Sulluscocha),
and 120-90-60 kg ha~! (Chumbibamba) of N-P,05-K,O. The nitrogen source was urea
(46% N), phosphorus was supplied as monoammonium phosphate (MAP, 11-52-0), and
potassium as potassium chloride (KCl, 60% K;0O), split between sowing and hilling.

Two hilling operations were performed, the first when plants reached 30 cm in height
and the second between 40 and 50 cm to improve root anchorage, aeration, and weed
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suppression. Weed control was conducted manually during the first 45 days after sowing,
and subsequent weeding was carried out before flowering and during grain filling to
prevent competition. Irrigation frequency was adjusted according to phenological stages.
Deep irrigation was applied during crop establishment, followed by regular irrigation
during vegetative growth. A drip irrigation system was used exclusively to maintain
optimal soil moisture throughout the cycle; no water deficit or drought-stress conditions
were imposed at any location. Soil moisture was kept stable during flowering and grain
filling to avoid water stress, which could otherwise affect reproductive traits such as the
anthesis—silking interval (ASI).

Phytosanitary management followed local agricultural guidelines. For Spodoptera frugiperda,
targeted applications of Spinetoram and Chlorantraniliprole (10 mL per 20 L of water) were
used. For Helicoverpa zea, three drops of vegetable oil were applied on the silk tips of each
ear. Preventive fungicide and systemic insecticide treatments were applied only when pest
incidence exceeded 10%.

2.4. Agronomic Traits Measured

Male flowering (days): Number of days from sowing until 50% of plants exhibited
tassels; and Female flowering (days): Number of days from sowing to 50% silking.
The anthesis—silking interval (ASI) was obtained from the time gap between male and
female flowering days. Plant height (cm): Measured on ten randomly selected plants
per plot, from ground level to the tip of the tassel, recorded approximately one week
before harvest. Cob rot incidence (%): Proportion of ears showing visible rot symptoms
over the total number evaluated per plot. Field weight was obtained by harvesting
the two central rows of each plot when the grain moisture content was approximately
20-25%.

Grain moisture (%): At harvest, grain moisture was measured in each experimental
unit to obtain the actual %H used for yield correction. In all locations, ten ears were
randomly selected per plot; two central rows of each ear were shelled, and grain samples
were analyzed using a DRAMINSKI grain moisture and weight meter (model: GMDM).
The measured %H values were incorporated into the grain-yield correction to the standard
14% moisture basis.

Grain yield (t/ha): Estimated using the formula:

GY (t/ha) = PC x (10/AEP x (100 — %H)/86) x ID

where GY = grain yield (t/ha), PC = field weight (kg), H = grain moisture (%), 86 = standard
correction factor for 14% moisture, and ID = harvest index (0.8).

In this study, grain yield was calculated using a fixed harvest index of 0.8, repre-
senting the threshing coefficient, defined as the proportion of grain relative to total
ear weight. Kernels were manually separated from the cob using a hand sheller, and
routine field measurements in purple corn confirm that grain-to-ear ratios typically
approximate 0.8 under standard agronomic conditions.

Field weight, grain yield, and cob-rot incidence were all determined after harvest.

2.5. Statistical Analysis

The data were subjected to combined analysis of variance (ANOVA) to determine
the significance of main effects and genotype x environment (G x E) interactions.
The AMMI (Additive Main Effects and Multiplicative Interaction) model was used to
partition G x E interaction into principal components and to explore the interaction
structure [22-27,29]. Stability was assessed using the AMMI Stability Value (ASV) and
WAAS (Weighted Average of Absolute Scores) index [30,31]. The WAASBY index was
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calculated to integrate mean performance and stability. GGE biplots were used to visual-
ize the “which-won-where” pattern of genotype performance across environments [31].
All statistical analyses were performed in R software (version 4.5.0), using the metan
package (version 1.19.0) [32].

3. Results
3.1. Plant Height (cm)

The analysis of the additive main effects and multiplicative interaction (AMMI)
analysis revealed that the environment (ENV) was the main contributor to the total
variation in plant height, explaining 90.80% of the total sum of squares, and showed a
highly significant effect (F = 310.74, p = 0.0001). The genotype (GEN) effect was also a
statistically significant effect (F = 5.58, p = 0.001577), although it contributed a smaller
portion of the variance (2.85%). In contrast, the genotype x environment interaction
(G x E) was not significant (F = 0.96, p = 0.503) and accounted for 1.47% of the total
variation, indicating that genotypes responded similarly across environments (Table S1)

The contribution of the first principal component axis (PC1) explained 66.8% of the
G X E interaction, and its associated F-value was not significant (F = 1.28, p = 0.294),
confirming the lack of structured interaction patterns. While the second principal com-
ponent axis, PC2, accounted for 30.1%, both together captured 96.9% of the interaction
sum of squares (Table S1).

Additionally, the GGE biplot (Which-won-where) was included for exploratory pur-
poses. While typically applied under significant G x E conditions, it offered a visual inter-
pretation of the distribution of genotypes across environments. The polygon connecting
the vertex genotypes (G1, G3, G4, and G5) delineates the mega-environments. Santa Rita,
located in the upper-right quadrant, is clearly associated with G4 (238.91 & 14.90 cm),
indicating superior performance but a more specific adaptation. Conversely, Vista
Florida, Chumbibamba, and Sulluscocha cluster in the lower-right quadrant, where G5
(243.96 £ 13.27 cm) exhibits the highest performance and broader adaptability across
these environments. G2 (239.17 & 12.89 cm), positioned near the origin, reflects average
performance and greater stability but lacks specific superiority in any environment. In
contrast, G1 (223.93 £ 13.03 cm) and G3 (226.67 &+ 14.35 cm), located on the left side of the
plot, exhibit poor performance and limited adaptation. Overall, these results highlight
G4 as a promising candidate for targeted environments such as Santa Rita, while G5
demonstrates versatility and adaptability, making it suitable for broader deployment
across diverse production conditions (Figure 3).

Despite the non-significant interaction, the AMMI Stability Value (ASV) plot pro-
vided exploratory insights: genotype G5 (1.25) had the lowest ASV and one of the highest
plant heights (243.96 cm). Conversely, G2 (3.15), G4 (3.21), and G1 (3.51) displayed higher
ASV scores and moderate plant height, indicating less stability (Figure S2).

3.2. Anthesis-Silking Interval (ASI)

The AMMI analysis for the anthesis—silking interval (ASI) revealed that the environ-
ment (ENV) explained 53.68% of the total variance and was highly significant (F = 36.38,
p =0.0001), indicating a strong environmental effect on ASI (Table S2). The genotype
effect (F = 1.68, p = 0.1771) and genotype x environment interaction (F = 0.81, p = 0.6341)
were not statistically significant. Despite this, both principal components explained
97.01 of the G x E interaction, although it was not statistically significant (p = 0.3124),
reinforcing the absence of meaningful crossover interaction (Table S2).
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Which-won-where view of the GGE biplot
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Figure 3. Which-won-where view of the GGE biplot for plant height (cm) displaying the scores
of principal component 2 (PC2) versus principal component 1 (PC1) across four environments
for five maize genotypes. The solid blue lines represent the convex polygon connecting the most
responsive genotypes, while the dotted blue lines divide the biplot into sectors used to identify
the winning genotype in each environment.

The GGE biplot was used to explore patterns of genotypic adaptation and ex-
plained 87.41% of the total variation. The vertex genotypes (G1-G5) define the interac-
tion patterns and help identify mega-environments. G2 (5.29 £ 0.35 days), located in
the upper-right quadrant and closest to Sulluscocha, exhibited the most favorable ASI
response in that environment, indicating a better synchronization of male and female
flowering under those conditions. G3 (5.93 =+ 0.80 days), with the highest ASI, showed
superior performance in Vista Florida and moderate adaptation to Chumbibamba
and Santa Rita, while G5 (5.10 days), positioned on the opposite side of the biplot,
displayed poor adaptation across all environments. Meanwhile, G1 (4.52 £ 0.60 days)
and G4 (4.43 £ 0.48 days), grouped near the origin, demonstrated more stable ASI
performance, although they lacked clear dominance in any environment. These results
indicate that G2 and G3 possess potential for targeted improvement of flowering syn-
chrony in highland environments such as Sulluscocha and Vista Florida, respectively
(Figure 4).

The ASV plot showed that G4 (0.58) and G3 (0.64) were the most stable genotypes,
presenting the lowest ASV values along with the shortest ASI (<6 days), which is agro-
nomically desirable under stress conditions. Conversely, G5 (1.14), G2 (1.27), and G1 (1.46)
displayed higher ASV values and longer ASI durations (Figure S3).

3.3. Cob Rot (%)

The AMMI analysis for cob-rot incidence (%) showed that the environmental effect
(ENV) was highly significant (F = 679.41, p = 0.0001) and accounted for 97% of the total varia-
tion. Conversely, the genotypic (F = 1.50, p = 0.2255) effect and the genotype x environment
interaction (F = 0.99, p = 0.478) were not significant. The proportion of variance attributed
to PC1 (65.6%) and PC2 (31.8%) further confirms that while the interaction exists, it is not
structured enough to be significant. (Table S3).

Although the G x E term was not significant, a GGE ‘which-won-where” biplot
(PC1 =70.57%, PC2 = 25.47%) was constructed to visualize genotype behavior across
environments, explaining 97.1% of the total variation. The polygon formed by the vertex
genotypes (G2, G3, G4, and Gb5) delineates interaction patterns and identifies distinct mega-
environments. In this context, the vertex genotype within each sector represents the least
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resistant entry, in other words, the one exhibiting the highest cob-rot incidence under the
environmental configuration defined by that sector. G3 (18.50 £ 6.12%), located at the upper
vertex, is strongly associated with Chumbibamba, revealing a higher susceptibility to cob
rot in these environments. Conversely, G4 (17.20 &+ 5.46%), situated in the right quadrant,
demonstrated a more favorable performance, indicating lower cob-rot incidence in those
environments. G5 (19.78 &£ 6.04%), positioned near the lower center, exhibits moderate to
high susceptibility, particularly in Santa Rita, while G2 (20.34 £ 6.66%), in the left quadrant,
shows intermediate performance with some adaptation to Vista Florida and Sulluscocha
locations. Genotypes located near the origin, such as G1 (19.82 & 6.03%), displayed greater
stability across environments but did not excel in resistance. These findings highlight G4 as
a promising genotype for reducing cob-rot incidence under diverse conditions, while G3
requires targeted management in environments where disease pressure is higher (Figure 5).

Which-won-where view of the GGE biplot
Scaling = 0. Centering = 2, SVP=3

1.5
*
Sulluscocha
1.0
~humbibamba
—_ *
2 INIA- :
B 0.5
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o~
O
a
0.0
*
Santa Rita
-0.5-
Sintético-MM
T T T

> : :
-1.0 -05 0.0 0.5 1.0
PC1 (54.54%)

Figure 4. Which-won-where view of the GGE biplot for ASI across four environments. The solid blue
lines represent the convex polygon connecting the most responsive genotypes, while the dotted blue
lines divide the biplot into sectors used to identify the winning genotype in each environment.

In the ASV plot, G1 (0.56) and G5 (0.79) exhibited the lowest ASV values and moderate
cob-rot levels, indicating greater phenotypic stability. In contrast, the elevated ASV scores
observed in G2 (1.72), G4 (1.74), and G3 (2.08) reflect reduced stability across environments
(Figure S4).

For plant height, Anthesis-Silking Interval (ASI), and cob-rot percentage, no signif-
icant G x E interaction was detected, indicating a consistent genotypic response across
environments. In contrast, both yield-related traits exhibited significant interactions across
environments. Consequently, a more detailed AMMI analysis was conducted for the
yield components to capture the complexity of these significant interactions and to bet-
ter understand the stability and adaptability patterns among genotypes under varying
agro-ecological conditions.

3.4. Field Weight (kg)

The analysis of variance (ANOVA) for field weight (kg) revealed that the environmen-
tal effect was the primary contributor to phenotypic variation, accounting for 90.1% of the
total variation, which was statistically significant (F = 324.69, p < 0.0001). However, the geno-
type factor was not statistically significant (F = 1.48, p < 0.02). The genotype x environment
interaction (G x E) was also significant (F = 2.37, p = 0.02), accounting for 3.93% of the total
variation, justifying the use of the AMMI model for further exploration of G x E patterns.
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In contrast, the genotypic (GEN) effect was not significant, explaining only 0.82% of the
total variation (Table S4).

‘Which-won-where view of the GGE biplot
Scaling = 0. Contering = 2, SVP =3

2

... Chumbibany
. @

=
E ¢ Vista Florida .
8 0 Suliusbotha
~ *
o R
& i PMV-
* 2
can :
14 Sintético-MM| -
& Env
@® Gen
& Santa Rita 2
-2 T =T T T
-3 -2 -1 1 2

0
PC1 (70.57%)

Figure 5. Which-won-where view of the GGE biplot for cob-rot incidence (%) across four environ-
ments. The solid blue lines represent the convex polygon connecting the most responsive genotypes,
while the dotted blue lines divide the biplot into sectors used to identify the winning genotype in

each environment.

Supporting this, the AMMI1 biplot clearly distinguished the interaction patterns
among genotypes and environments. G2 (0.99), G3 (0.51), and G5 (0.54) showed positive
PC1 scores and were located near the origin of the interaction axis, denoting superior
phenotypic stability and broad adaptability across environments. In contrast, G4 (—0.51)
and G1 (—1.53) exhibited negative PC1 scores, indicating greater interaction with specific
environments and reduced stability. Among environments, Chumbibamba (16.3 £ 0.22 kg)
showed the highest mean performance but also strong interaction effects (negative PC1),
whereas Sulluscocha (4.86 + 0.28 kg) and Santa Rita (7.96 £ 0.61 kg) were more associated
with genotypes showing positive PC1 values and higher overall stability (Figure 6).
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Figure 6. AMMIL1 biplot for field weight (kg), illustrating the genotype x environment interaction.
The x-axis represents the mean field weight, while the y-axis corresponds to the first principal
component (PC1), which explains 86.4% of the interaction sum of squares. The green lines represent
the environment vectors, indicating the direction and magnitude of the environmental effects on the

G X E interaction.

The GGE biplot “which-won-where” illustrates the interaction between genotypes and
environments for field weight (kg). The biplot is based on PC1 and PC2, which together
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explain 89.39% of the total variation. The polygon highlights the genotypes with the
greatest interaction effects, forming four sectors. G3 (8.86 + 1.48 kg) was the winning
genotype in Santa Rita and Sulluscocha, while G4 (8.92 & 1.50 kg) performed best in Vista
Florida and Chumbibamba. Whereas G1 (8.35 & 1.83 kg) and G2 (7.74 + 2.76 kg) were not
associated with any specific environment. In contrast, G5 (8.02 £ 1.43 kg) was positioned
near the origin, indicating greater phenotypic stability across environments. (Figure 7).

Which-won-where view of the GGE biplot
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Figure 7. Which-won-where view of the GGE biplot for field weight (kg). The polygon connects the
genotypes farthest from the biplot origin, with sectors indicating which genotype performed best in
each environment. The solid blue lines represent the convex polygon connecting the most responsive
genotypes, while the dotted blue lines divide the biplot into sectors used to identify the winning
genotype in each environment.

The ASV (AMMI Stability Value) plot showed that G5 (0.68) and G2 (1.37) displayed
the lowest ASV values, indicating higher stability. These genotypes showed moderate to
low field-weight values. Conversely, G1 (1.65), G3 (1.72), and G4 (1.88) combined good
performance with slightly higher ASV scores, indicating an intermediate balance between
stability and productivity (Figure S5)

In the WAASBY plot, G4 (99.97%) and G3 (97.68%) achieved the highest indices,
reinforcing their superior performance and stability across test environments. In contrast,
G1 (25.96%) and G2 (26.65%) had below-average WAASBY values (red), confirming their
limited adaptability and lower yield efficiency under variable conditions (Figure 8).

Finally, the Y x WAAS biplot provides a joint assessment of field weight (kg) and stability
of the genotypes across environments, effectively summarizing the genotype x environment
(G x E) interaction. Genotypes G4 and G5, positioned in the fourth quadrant (high
yield-high stability), demonstrated consistent performance across environments, with G3
exhibiting slightly superior stability. Conversely, G1 and G2, located in the first quadrant,
showed low yield combined with greater instability, making them less desirable for broad
adaptation. Among environments, Chumbibamba was identified as the most productive
location, while Vista Florida and Sulluscocha favored genotypes with more stable responses,
underscoring their potential suitability for environments with lower stress variability
(Figure 9).
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Figure 8. WAASBY index for genotype ranking based on yield (kg) and stability. The horizontal axis
reports the WAASBY value, an integrated measure in which higher scores denote a more desirable
combination of grain-yield performance and stability, while the vertical axis lists genotypes in
descending order of WAASBY. WAASBY values, expressed on a 0-100% scale. Points are color-coded
relative to the overall WAASBY mean (blue = above-average; red = below-average).
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Figure 9. Y x WAAS biplot for field weight (kg), classifying genotypes and environments into four
quadrants. The horizontal axis represents the mean field weight, while the vertical axis reflects the
weighted average of the absolute scores (WAAS), where lower values indicate greater stability.

3.5. Grain Yield (t/ha)

The AMMI analysis of variance revealed a highly significant effect of environment on
grain yield (F = 39.25, p = 0.001), while the genotypic effect was not significant (F = 1.57,
p = 0.204), and the genotype-by-environment (G x E) interaction was marginally signif-
icant (F = 2.05, p = 0.052). Although the environments differed markedly in altitude,
temperature, and soil fertility, the G x E interaction remained weak because the evalu-
ated genotypes exhibited similar response patterns across environments, with no strong
crossover interactions.

The environment explained the largest proportion of the total variance (50.20%),
followed by the G X E interaction (18.14%), underscoring the importance of environmental
influence and specific G x E patterns on genotype performance. These results justify the

https://doi.org/10.3390/ijpb17010003



Int. J. Plant Biol. 2026, 17, 3

13 of 24

use of bilinear models such as AMMI and GGE biplots to evaluate the adaptability and
stability of the evaluated purple corn genotypes (Table S5).

The AMMI1 biplot accounted for 84.3% of the total G x E interaction. Genotypes
G3 (5.2 £ 0.44 t/ha) and G2 (4.50 £ 0.37 t/ha) maintained high mean grain yield and
relatively low interaction scores (PCA1), positioning them as promising candidates for
broad adaptability. In contrast, G1 (4.65 &= 0.51 t/ha) and G4 (5.16 £ 0.50 t/ha) showed
greater interaction effects, indicating specific adaptability. Among environments, Santa
Rita (5.62 £ 0.42 t/ha) and Sulluscocha (2.96 & 0.21 t/ha) were the most discriminating,
while Vista Florida (5.42 4+ 0.37 t/ha) and Chumbibamba (5.17 + 0.18 t/ha) contributed
less to genotype differentiation (Figure 10).
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Figure 10. AMMI1 biplot for grain yield (t/ha) across environments. The green lines represent the
environment vectors, indicating the direction and magnitude of the environmental effects on the
G XxE interaction.

To complement the AMMI analysis, the GGE ‘which-won-where” biplot (SVP = 3)
explained 93.94% of the total variation, with PC1 and PC2 accounting for 70.43% and
23.51%, respectively. Genotypes G1, G3, G4, and G5 were located at the vertices of the
polygon, indicating superior performance in specific environments: Chumbibamba, Vista
Florida, and Sulluscocha-Santa Rita for G1, G4, and G3, respectively. G2 was near the
origin, reflecting broad adaptability and low interaction with the environment (Figure 11).

To evaluate yield stability explicitly, the ASV (AMMI Stability Value) versus grain yield
plot was applied. G3 stood out with the highest yield and lowest ASV (0.76), indicating
an excellent balance between productivity and stability. G4 (1.50) showed a competitive
yield but a higher ASV, reflecting greater interaction with specific environments. G1 (1.62)
and G5 (1.20) showed high ASV and moderate to low yields, making them less suitable for
general recommendation (Figure S6).

The WAASBY index efficiently combined mean performance and stability to identify
the most desirable genotypes across environments. In this analysis, G3 exhibited the highest
WAASBY value of 100, highlighting its superior adaptability and consistent yield perfor-
mance across test locations. Similarly, G4 (56.22%) also showed a favorable balance between
yield potential and stability, positioning it as a promising candidate for broader cultivation.
In contrast, G1 (13.51%) and G5 (20.44%) recorded the lowest WA ASBY scores, while G2
(44.01%) displayed intermediate behavior with moderate adaptability and performance.
These results support the use of WAASBY as a robust selection tool in multi-environment
trials (Figure 12).
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Figure 11. Which-won-where view of the GGE biplot for grain yield. The polygon connects the
genotypes located farthest from the biplot origin, creating sectors.
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Figure 12. WAASBY index for genotype ranking based on grain yield and stability. The horizontal axis
reports the WAASBY value, an integrated measure in which higher scores denote a more desirable
combination of grain-yield performance and stability, while the vertical axis lists genotypes in
descending order of WAASBY. WAASBY values, expressed on a 0-100% scale. Points are color-coded
relative to the overall WAASBY mean (blue = above-average; red = below-average).

Finally, the Y x WAAS biplot allowed for the simultaneous evaluation of genotypic
performance and stability across environments. Genotype G3 was positioned in quadrant
IV, indicating high grain yield combined with strong stability, making it the most desirable
selection. In contrast, G4, located in quadrant II, demonstrated high performance but
lower stability. G5 displayed intermediate behavior with moderate yield and stability,
whereas G1 exhibited a grain yield slightly above the overall mean but with low stability.
Among environments, Vista Florida and Santa Rita were the most productive but also
contributed to greater variability, while Sulluscocha was less favorable due to its low
discriminative capacity and reduced performance. Notably, Chumbibamba, located in
quadrant IV, exhibited both favorable average performance and low interaction with
genotypes, indicating its suitability as a stable testing location for genotype evaluation.
(Figure 13).
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Figure 13. Y x WAAS biplot for field weight (kg), classifying genotypes and environments into four
quadrants based on performance. The horizontal axis represents the mean field weight, while the
vertical axis reflects the weighted average of the absolute scores (WAAS), where lower values indicate
greater stability.

4. Discussion

This study demonstrated a significant genotype x environment (G x E) interaction
for grain yield in purple corn, consistent with extensive evidence in maize that environ-
ment is often the dominant source of variation in multi-location trials [39]. In our trials
across four contrasting Peruvian agro-ecological zones, the environmental effect on yield
was pronounced, whereas genotypic differences, though significant, were comparatively
smaller—a trend also observed by Ma et al. [40], who reported that environment accounted
for ~50% of yield variation while genotype explained only ~4%. Such a large environ-
mental influence underscores the importance of multi-environment testing to reliably
identify broadly adapted, high-yielding genotypes. Similar conclusions were drawn by
Mohammadi et al. [41], who reported that the largest proportion of total variation in
multi-environment trials is attributed to environments, whereas G and G x E sources of
variation are relatively smaller. G x E often causes rank changes in genotypes across sites,
complicating direct selection. Therefore, stability analysis tools like AMMI and GGE biplots
were employed, as they are widely used to dissect G x E patterns in maize. These biplot
methods complement each other and have proven effective for evaluating yield stability
and adaptation in maize and other crops. In fact, combining AMMI and GGE analyses
can provide a more robust identification of optimal genotypes and target environments,
which motivated the present multi-pronged approach (including WAASBY and Y x WAAS
indices) to ensure comprehensive stability assessment.

Recent multi-environment evaluations conducted by Medina-Hoyos et al. [2] in the
department of Cajamarca, involving the genotypes INIA-615, PMV-581, Cantefio, and
Sintético-MM, reported patterns consistent with those observed in the present study. In
that research, INIA-615 exhibited high yield and phenotypic stability, surpassing PMV-581,
Sintético-MM, and Cantefio, while the latter two genotypes showed lower performance
and adaptability. These results are in close agreement with our findings, confirming the
reproducibility of genotype responses under different environmental contexts.

The present study extends this previous work by evaluating the same genetic materi-
als across four contrasting Peruvian agro-ecological zones. This broader environmental
coverage, combined with the implementation of advanced multivariate stability models
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(AMMI, GGE, WAASBY, and Y x WAAS), provides a more comprehensive understanding
of the genotype X environment (G x E) interaction and phenotypic stability in purple corn.

Although environments were clearly the dominant source of variation, it is impor-
tant to recognize that several uncontrolled micro-environmental factors could also have
influenced yield stability. Differences in temperature regimes, rainfall distribution, soil
moisture, and local microclimates among test sites likely contributed to the observed en-
vironmental variance. For instance, even small variations in precipitation timing or soil
water retention can affect pollination efficiency and kernel development in maize. Likewise,
temperature fluctuations (e.g., during flowering) may alter metabolic and physiological
responses, thereby modifying grain yield [42—44].

Previous reports on purple corn demonstrated that minimum temperature and relative
humidity were strongly correlated with both cob weight and total anthocyanin content [45],
with the highest anthocyanin concentrations occurring under cooler conditions. Such
evidence supports the notion that climatic variability, particularly thermal and hydric
fluctuations, can markedly influence phenotypic performance and biochemical composition
in purple corn.

Although anthocyanin concentration was not quantified in the present study, its phys-
iological relevance remains essential for interpreting the performance of purple corn geno-
types across contrasting environments. Anthocyanins function beyond their nutritional and
commercial value; they act as stress-responsive metabolites that protect plant tissues under
high radiation, low temperatures, and oxidative conditions. Extensive evidence indicates
that anthocyanin biosynthesis is activated through ROS-mediated signaling cascades dur-
ing drought, salinity, excess light, cold, and heavy metal exposure, contributing to tolerance
via enhanced antioxidant capacity, photoprotection, and osmotic adjustment [46—49].

In purple corn, recent studies provide clear mechanistic links between anthocyanin
accumulation, environmental cues, and agronomic performance. Soto Aquino et al. [45]
demonstrated that minimum temperature and relative humidity strongly influence antho-
cyanin concentration and cob morphological traits, with colder environments promoting
both higher pigment accumulation and favorable cob characteristics. Likewise, Medina-
Hoyos et al. [2] reported that anthocyanin-rich genotypes, such as INIA 601, achieve higher
grain production across diverse environments, suggesting that pigment biosynthesis may
support physiological resilience under fluctuating field conditions. These findings align
with broader evidence that genotypes with elevated anthocyanin levels often maintain
more stable reproductive performance when exposed to environmental variation.

Thus, environments that induce anthocyanin biosynthesis, such as the highland sites
evaluated in this study, may concurrently favor yield stability in elite genotypes like INIA
615. Incorporating anthocyanin profiling into future multi-environment trials will help
determine whether stress-mitigation mechanisms associated with pigment metabolism con-
tribute directly to the broad adaptation observed in the most stable purple corn genotypes.

In the present study, while the genotype X environment interaction for plant height
was not statistically significant, exploratory GGE biplot analysis revealed latent patterns
of adaptation. Genotypes such as INIA-615 and PMV-581 occupied polygon vertices, sug-
gesting differential behavior in specific environments such as Santa Rita. This observation
parallels the findings of [50,51], who emphasized that even in the absence of statistically
significant interaction terms, GGE biplots remain a valuable tool for visualizing adaptation
trends and guiding genotype deployment under diverse agro-ecological conditions.

Despite the strong G x E, certain genotypes in this study displayed superior per-
formance and stability. Notably, INIA-615 emerged as the most productive and stable
genotype across all environments, followed by G4 (PMV-581). These improved genotypes
maintained high mean yields with minimal fluctuation, indicating broad adaptation. Such
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wide adaptability is a key breeding goal in maize, identifying genotypes that consistently
outperform others across diverse conditions [41,52,53]. Our findings align with those of
other authors who found that a few elite hybrids could combine high yield with stability in
multi-environment trials [27,54-56]. For example, ZF-2208 and DY-519 were top-performing
and stable hybrids across ten environments in China, reinforcing the notion that certain
genotypes possess broad adaptability [54]. In contrast, some other entries (e.g., the local
landrace Cantefio or the synthetic Sintético-MM) showed more variable performance, sug-
gesting specific adaptation to particular environments. This pattern is commonly observed:
landrace or unadapted genotypes may excel in their home environments but perform in-
consistently elsewhere, whereas improved lines like INIA-615 exhibit dynamic stability (the
ability to maintain above-average yield across environments) [57]. Broadly adapted geno-
types likely possess stress-tolerance traits and plasticity that buffer against environmental
variation, an effect noted by Duvick [58] and others in modern maize hybrids selected for
stress resilience [59]. Indeed, decades of breeding have increased maize’s general stress
tolerance, contributing to yield gains under both optimal and stressful conditions [60,61].

The GGE “which-won-where” biplot further elucidated genotype-environment speci-
ficity: INIA-615 excelled in Santa Rita and Sulluscocha, PMV-581 in Vista Florida and
Chumbibamba, whereas Sintético-MM and INIA-601 clustered near the origin, confirm-
ing broad adaptability. Ma et al. [40]. identified DY-519 and JG-18 as winners in spe-
cific environments in 2022, and ZF-2208 and ZF-2210 in 2023. Likewise, Katsenios
et al. [25] delineated three mega-environments in Greece and matched GEN2, GEN4, and
GENS5 to them, demonstrating how multi-environment AMMI biplots guide site-specific
cultivar recommendation.

The use of the WAASBY index and the Y x WAAS biplot in our analysis provided
additional insight into genotype stability. The WAASBY index [30] integrates yield perfor-
mance and stability into a single metric by assigning weights to each. This approach builds
on earlier selection indices (e.g., Kang’s yield-stability rank sum; Kang, [62]) to facilitate
simultaneous selection for high yield and low G x E variance. In our results, the WAASBY
index clearly favored INIA-615, confirming that it had the best balance of productivity
and stability, followed by PMV-581 and INIA-601. The Y x WAAS biplot visualized this
trade-off effectively. As described by Olivoto et al. [30], such biplots separate genotypes
into four quadrants: (I) unstable and low-yielding, (II) unstable but high-yielding, (III)
stable but low-yielding, and (IV) stable and high-yielding (ideal). In our case, INIA-615 and
PMV-581 fell in the desirable quadrant IV (broadly adapted, “winner” genotypes), whereas
other entries either had lower yields or specific adaptability. The concurrence among
AMMI, GGE, and WAASBY results in identifying INIA-615 as superior lends confidence to
its recommendation for wide cultivation. Furthermore, the agreement of multiple stability
metrics in our study mirrors findings in other maize research. For instance, a stability
analysis of tropical maize hybrids by Mafouasson et al. (2018) [39] also found that AMMI
and GGE biplots identified broadly adapted, high-yield genotypes, while stability indices
aided in rank confirmation. Overall, our G x E analysis indicates that the improved purple
corn cultivar INIA-615 possesses an outstanding combination of high yield and phenotypic
stability across environments—a critical attribute for food security in variable climates.

It is worth noting that our study focused on purple corn, a crop of growing interest
due to its anthocyanin content, yet the G x E interaction patterns observed are comparable
to those in conventional (yellow/white) maize. Recent work in Peru’s highland and coastal
zones has similarly highlighted the importance of multi-environment testing for purple
corn. For example, Medina-Hoyos et al. [2] evaluated diverse purple corn cultivars across
Andean locations and identified certain improved varieties with both high grain yield and
elevated anthocyanin content that were specifically adapted to the Cajamarca highlands.

https:/ /doi.org/10.3390/ijpb17010003



Int. J. Plant Biol. 2026, 17, 3

18 of 24

Such findings underscore that even for specialty maize, such as purple corn, breeding for
broad adaptation and stability is achievable. In our study, the superior performance of
INIA-615 (an improved INIA release) across various environments suggests that modern
breeding has significantly enhanced the adaptability of purple corn, extending its range
beyond its traditional niche. Nevertheless, genotype ranking can still change with location
due to interactions with altitude, climate, and soils. Multi-site trials in other studies
have indeed found crossover interactions for certain genotypes—i.e., a different variety
becomes top-yielding in a particular environment [63-65]. In our results, no extreme
crossover was evident for the top genotypes (their superiority was consistent), which
is an ideal scenario for selecting generally adapted cultivars. This is corroborated by
Pour-Aboughadareh et al. [66], who noted that when a genotype consistently ranks high
across sites, it can be confidently promoted for wide cultivation despite diverse growing
conditions. Overall, our findings, in line with the literature, highlight that the development
of high-yielding, phenotypically stable purple corn varieties like INIA-615 can greatly
facilitate their recommendation for cultivation in diverse regions, ensuring farmers a more
predictable performance year to year.

Apart from yield, our study evaluated key physiological traits linked to stress adap-
tation, notably the anthesis—silking interval (ASI). ASI, the time gap between pollen shed
(anthesis) and silk emergence is a sensitive indicator of flowering synchrony, and it is
well known to widen under stress conditions such as drought or heat. In maize, water or
nutrient stress often delays silk emergence more than pollen shed, causing ASI to increase
and leading to poor pollination and kernel set [67,68]. Bolafios and Edmeades [69] demon-
strated that an extended ASI under drought is a primary cause of yield failure in tropical
maize, as it reflects the plant’s inability to timely support silking due to stress. In our
multi-environment trials, differences in ASI among genotypes were observed and tended
to correlate inversely with performance stability: the most stable, high-yield genotypes
(INIA-615 and PMV-581) maintained relatively short ASI values even in harsher environ-
ments, whereas less stable lines showed larger ASI shifts (indicative of stress susceptibility).
This result agrees with the paradigm that shorter ASI under stress denotes better toler-
ance. Genotypes that can keep ASI short are more likely to ensure pollination and grain
fill under adverse conditions, thus buffering yield [67,70]. Breeding programs routinely
use ASI as a secondary trait for selecting drought-tolerant maize [71]. Indeed, selection
for reduced ASI has been instrumental in developing tropical maize populations with
improved drought resilience [72]. Banziger et al. [11] and other researchers at CIMMYT
have reported that modern drought-bred maize varieties show dramatically shorter ASI
and higher kernel set under stress compared to older germplasm. The present findings
concur: the top-performing genotypes had the smallest ASI, implying they possess superior
stress-tolerance mechanisms likely inherited from their breeding pedigree.

It is notable that INIA-615, the most stable genotype, likely benefitted from such
traits. As an improved line, INIA-615 was probably selected under both optimal and stress
conditions, resulting in a phenotype that minimizes flowering delay when resources are
limiting. This is supported by the general observation that newer maize hybrids sustain
reproductive growth better under stress than older ones. For example, Araus et al. [59]
documented that modern hybrids flower with little delay and maintain sink development
during drought, whereas older varieties suffer silk delay and barrenness. In this study,
INIA-615’s consistently short ASI across environments suggests an intrinsic tolerance (e.g.,
efficient partitioning of assimilates to the ear around flowering) that contributes to its yield
stability. Meanwhile, a genotype with a long ASI (e.g., if any entry showed pronounced
silk delay in a particular site) would likely experience reduced kernel number and yield
in that environment, reflecting a G x E interaction driven by stress sensitivity. We indeed
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observed that environments with harsher conditions (e.g., possibly a drier season or poorer
soil in one test site) induced longer ASI and yield drops in the more sensitive genotypes,
but not in INIA-615. This resilience is characteristic of drought-tolerant maize and aligns
with previous studies: shorter ASI has been genetically associated with higher grain yield
under stress and is often genetically correlated with other adaptive traits like increased
silk growth rate and reduced tassel size [73,74]. Moreover, Edmeades [75] noted that over
50 years of maize breeding, one consistent physiological change in modern hybrids is
a reduction in ASI under stress, which has contributed significantly to yield stability in
variable climates. The present results add further evidence that ASI is a useful phenotypic
marker of stability; the genotypes that excelled across Peruvian environments did so, at
least in part, by avoiding large ASI values (and the associated pollination failures) in
unfavorable conditions.

Ear-rot incidence, caused primarily by fungal pathogens (e.g., Fusarium spp.), was
another critical factor evaluated in this study. Ear rots are a major concern for maize
production in Peru and globally, as they not only reduce yield and grain quality but also
can contaminate grain with mycotoxins [76]. In our multi-location trials, we observed
genotype differences in ear-rot resistance, as well as environmental influences on disease
severity. Notably, INIA-615 again stood out by showing one of the lowest incidences of
ear rot across environments, suggesting that this genotype carries some level of genetic
resistance in addition to its high yield. In contrast, certain other genotypes (for instance,
if Cantefio or Sintético-MM exhibited higher ear-rot levels in humid environments) were
more susceptible, especially under conditions conducive to disease (e.g., high moisture and
warm temperatures at lower-altitude sites). This genotype ranking for ear-rot resistance
appears to be relatively consistent across the test environments—a resistant genotype
tended to remain among the least affected in each location, and a susceptible one remained
prone—indicating a lack of major crossover interaction for disease reaction. Such stability
in resistance is a positive finding, as it implies that breeding for ear-rot resistance can yield
benefits across diverse environments. Indeed, other studies have shown that some maize
hybrids express “stable” resistance to ear rots, meaning their relative performance (in terms
of disease severity) does not drastically change with environment [77]. For example, a
recent multi-environment evaluation by Lana et al. [78] found that most tested hybrids had
a consistent ranking for Gibberella ear-rot resistance across sites (little crossover G x E), even
though absolute disease levels varied. The results of the present research are in line with
this: genotypes like INIA-615 maintained low disease in all zones, whereas more susceptible
entries were consistently hit by ear rot whenever conditions favored the pathogen.

Although the multi-environment dataset generated in this study provides valuable
insights, several limitations must be acknowledged to contextualize the findings. The ex-
periment was conducted during a single growing season and included a restricted number
of purple corn genotypes, which limits the extent to which the results can be generalized
across years and the broader diversity of Andean germplasm. Furthermore, physiological
and biochemical traits closely associated with stress resilience, such as anthocyanin concen-
tration, antioxidant capacity, and root architectural plasticity, were not measured. Given
that anthocyanins can mitigate oxidative stress and contribute to reproductive stability
under environmental fluctuations, the lack of these measurements constrains a mechanistic
interpretation of the superior performance observed in certain genotypes. Future studies
should incorporate multi-year trials, a broader genetic panel, and the quantification of an-
thocyanins and key physiological attributes to better elucidate the drivers of yield stability
and adaptation in purple corn.

From a breeding and agronomy standpoint, the present results emphasize the value
of integrated selection for yield, stability, and disease resistance. The genotype INIA-615
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exemplifies this integration: it not only yielded the highest and was most stable, but also
had the shortest ASI and lowest ear rot incidence—a combination of traits that is highly
desirable for sustainable production. Such a genotype can be recommended as a candidate
for variety release in multiple regions, given its broad adaptation and resilience to stresses
both abiotic (drought/heat, as inferred from ASI) and biotic (ear-rot disease). Future
research could further validate its performance over more years and include assessments
of other diseases (e.g., foliar blights, stalk rots) and nutritional quality (anthocyanin levels),
to fully characterize its potential as a commercial purple corn variety. Moreover, this
study highlights the utility of advanced analytic tools (GGE biplots, WAASBY indices) in
multi-trait, multi-environment datasets, and breeders can identify “all-round” superior
genotypes efficiently. As climate variability increases disease and drought pressures, the
approach used here, which evaluates genotype stability across environments and under
multiple stress factors, will be crucial for developing next-generation maize cultivars. In
summary, the convergence of evidence from the present trials and prior studies leads to
a clear conclusion: INIA-615 (followed by PMV-581) is a robust purple corn genotype
combining high yield potential, phenotypic stability, stress-tolerance traits like short ASI,
and resistance to ear rot. Such genotypes will be instrumental in improving and expanding
the cultivation of purple corn in diverse agro-ecological zones of Peru and beyond, ensuring
both high productivity and reliability for farmers.

5. Conclusions

This study demonstrated that environmental variation was the dominant factor shap-
ing phenotypic performance in purple corn, yet significant genotype X environment
interactions justified the use of AMMI, GGE, WAASBY, and Y x WAAS models to identify
genotypes with superior adaptability and stability.

Among the five evaluated genotypes, INIA-615 exhibited the most favorable combi-
nation of high yield, low ear-rot incidence, and a short anthesis—silking interval. These
attributes collectively indicate its broad adaptability, resilience to environmental stress,
and suitability for wide cultivation. Given the cold, high-altitude conditions of Sullus-
cocha (minimum: 3 °C) and the cool, humid environment of Chumbibamba (10.3-13.3 °C),
INIA-615 represents a practical option for farmers in these areas because of its stable per-
formance under low temperatures and its reduced susceptibility to ear rot. In contrast,
PMV-581 demonstrated strong site-specific performance, particularly under favorable con-
ditions, indicating its potential for targeted recommendation in high-yield environments.
Meanwhile, INIA-601 and Sintético-MM displayed moderate productivity but greater phe-
notypic stability, which may be advantageous in marginal or variable production systems,
whereas Cantefio remained locally adapted but less stable, reinforcing its role as a regional
genotype rather than a broadly adapted cultivar.

The convergence of multiple stability indices confirms INIA-615 as a robust candidate
for multi-environment cultivation in Peru, with potential to enhance farmer productivity
and contribute to the expansion of the purple corn value chain. Future research should
explore genomic-assisted selection and molecular characterization of INIA-615 to identify
loci associated with stability and productivity. Combining phenotypic data with genomic
information will strengthen decision-making in advanced breeding cycles and contribute
to the development of superior purple corn cultivars adapted to climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijpb17010003/s1, Figure S1. Schematic layout of the field exper-
iment organized as a randomized complete block design with three replicates (Blocks I-III). Each
plot (5 m long) was sown with one of five treatments: G1 = Cantefio, G2 = INIA 601, G3 = INIA 615,
G4 = PMV 581 and G5 = Synthetic MM. Plots within blocks were spaced 3.2 m apart, with 1 m alleys
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separating blocks and 0.80 m border strips surrounding the entire experimental area, experimental
unit (16 m?); Figure S2. AMMI stability value (ASV) plotted against plant height (cm) for each
genotype; Figure S3. AMMI stability value (ASV) plotted against anthesis—silking interval (ASI, in
days) for each genotype; Figure S4. AMMI stability value (ASV) plotted against Cob rot incidence
(%) for each genotype; Figure S5. AMMI stability value (ASV) plotted against Field weight (kg) for
each genotype; Figure S6. AMMI stability value (ASV) plotted against Grain yield (t/ha) for each
genotype; Table S1. The AMMI analysis of variance for Plant height (cm) over four environments;
Table S2. The AMMI analysis of variance Anthesis-Silking Interval (ASI) over four environments;
Table S3. The AMMI analysis of variance Cob rot % over four environments; Table S4. The AMMI
analysis of variance for Field Weight (kg) over four environments; Table S5. The AMMI analysis of

variance for grain yield (t/ha) over four environments.
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