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Abstract

Amaranth (Amaranthus spp.) is a pseudocereal with high nutritional value and tolerance to
abiotic stresses, essential for food security; however, its use in Boyacá, Colombia, is limited
due to a lack of genetic studies. This research aimed to characterize the morpho-agronomic
properties of 11 cultivars under greenhouse conditions in Tunja, Boyacá. Six quantitative
variables and 19 qualitative descriptors were evaluated using Pearson correlation analysis,
principal component analysis, and mixed multivariate clustering. The results revealed a
wide phenotypic variability, with leaf width (33.15%) and leaf length (31.21%) showing the
highest coefficients of variation. Significant positive correlations were identified between
leaf dimensions and plant height, while pigmentation in leaves, stems, and inflorescences
proved to be the most discriminating characteristic. The mixed cluster analysis classified
the genotypes into six distinct groups, highlighting genotype 10 as the most promising
material due to its estimated yield (642.94 kg/ha) and 1000 seed weight (0.91 g), followed
by genotypes 2 and 8. It is concluded that there is a high genetic potential in the evaluated
materials, and the use of the outstanding genotypes in multi-site field trials is recommended
to strengthen regional plant breeding programs.

Keywords: Amaranthus; morphoagronomic characterization; germplasm; phenotypic diversity

1. Introduction
The genus Amaranthus L., belonging to the Amaranthaceae family, comprises a diverse

group of approximately 70 species distributed in tropical, subtropical, and temperate
regions worldwide [1]. This genus is taxonomically complex due to frequent natural
hybridization and extreme phenotypic variability among its members. Three main use
categories are distinguished: grain-producing species (A. hypochondriacus, A. cruentus, and
A. caudatus), leafy vegetable species (A. tricolor), and species classified as competitive weeds
(A. hybridus, A. palmeri) [2].

The resurgence of amaranth as a superfood is not a market trend, but rather a response
to its excellent nutritional quality. Unlike true cereals (Poaceae), amaranth grain is a pseu-
docereal with a protein content ranging from 13% to 18%, surpassing corn and wheat [3].
Most significantly, it boasts a balanced amino acid profile, with high levels of lysine and
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methionine, amino acids that are often limiting in other grains. Furthermore, its mineral
matrix is rich in calcium, magnesium, and highly bioavailable iron. From a nutraceutical
perspective, amaranth is a source of squalene (an antioxidant lipid) and bioactive peptides
with antihypertensive and anti-inflammatory properties [4,5]. Being naturally gluten-free,
it is positioned as a critical ingredient in the food industry for people with celiac disease.

In the current climate change scenario, amaranth emerges as a model of adaptation.
By employing the C4 photosynthetic pathway, the plant exhibits a higher CO2 assimilation
rate under high radiation and temperature conditions than C3 plants (such as wheat or rice).
This physiological efficiency translates into remarkable water conservation. Amaranth can
close stomata to reduce transpiration without completely halting photosynthesis, which,
combined with a taproot system that explores deep soil profiles, grants it exceptional
tolerance to prolonged drought [5,6]. Furthermore, osmotic adjustment mechanisms have
been documented that allow it to survive in soils with high salinity levels and in high-
altitude areas subject to frost, characteristics that make it ideal for the high Andean region
of Boyacá in Colombia.

The germplasm of the genus Amaranthus has a wide global distribution. According
to Schafleitner et al. [7], the largest ex situ collections of amaranth germplasm are at the
USDA’s North Central Regional Plant Introduction Station, the National Bureau of Plant
Genetic Resources in India, and The World Vegetable Center germplasm bank, with more
than 1000 accessions of 13 species. The taxonomic and geographic representativeness
in these germplasm banks is remarkable, with the following conservation centers being
particularly noteworthy [8]: The United States holds approximately 3300 accessions of
Amaranthus hypochondriacus from 40 countries. India has 3081 accessions at the National
Bureau of Plant Genetic Resources and 2500 accessions of A. hypochondriacus at the National
Institute of Botanical Research. Peru maintains a genetic nucleus of 740 accessions of
A. caudatus at the National University of San Antonio Abad in Cusco. However, despite
the magnitude of this genetic heritage and the high variability stored, the phenotypic and
genotypic characterization of the collections remains incipient. Consequently, amaranth
germplasm constitutes an underutilized genetic reservoir with vast unexplored potential
for agricultural improvement and food security.

The integration of morpho-agronomic data is a fundamental strategy for the efficient
characterization of phenotypic variance in crops. According to Giles et al. [9] this process
optimizes the use of germplasm by facilitating the identification and selection of genotypes
with superior agronomic attributes, such as productive stability, high yield indices, biotic
resistance (to pests and phytopathogens), and resilience to abiotic stresses resulting from
climate change and restrictive soil conditions.

Internationally, genetic diversity in Amaranthus has been quantified using morpho-
logical descriptors, agronomic parameters, physicochemical profiles, and nutritional at-
tributes [6,10]. Recent research highlights the effectiveness of these tools in three main areas.
The first is phenotypic discrimination, where Nzungize et al. [11] demonstrated that using
20 qualitative and 12 quantitative descriptors accurately detects intra- and interspecific
variability in accessions from Mali. Among the variables with the greatest discriminatory
power are leaf pigmentation, inflorescence density, seed coat color, and branching index.
The second area is population structure and variability, as exemplified by the study in
Ethiopia by Yeshitila et al. [12] who characterized 120 genotypes using 20 qualitative de-
scriptors, concluding that variables such as germination rate, growth habit, presence of
axillary spines, sexual expression (dioecious or monoecious) and inflorescence color are
determinants for the differentiation of regional germplasm.

Finally, the potential for plant breeding, in studies conducted by Nyasulu et al. [10]
in Malawi, confirmed that the use of 13 specific descriptors was statistically significant
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in defining the uniqueness of the accessions. These results underscore a high selection
potential for economically relevant traits, such as leaf and grain biomass yield, as well as
earliness, among other fundamental parameters for the selection of elite genotypes.

In Colombia, the situation is paradoxical. Despite having optimal thermal zones and a
long-standing Andean agricultural tradition, amaranth has been relegated to a secondary
role. National production is marginal and lacks technological advancement, which is
reflected in the absence of robust official statistics [13]. Most Colombian scientific literature
has focused on amaranth from a weed management perspective (A. hybridus), analyzing its
herbicide resistance in maize or flower crops [14]. There is a lack of documentation on the
morpho-agronomic characterization of cultivars for production purposes in departments
like Boyacá. Without local studies in the high Andean zone, producers lack technical
recommendations on which genotypes are more productive or resistant to the climatic
conditions of the Tunja region.

This research stems from the need to fill this technical gap. Evaluating the phenotypic
variability of the materials available in the department is the first critical step toward
regional food sovereignty. By identifying high-performing materials under controlled
conditions (greenhouse), it is possible to mitigate the risks of biodiversity loss and promote
a crop that requires few external inputs.

The overall objective of this work is to characterize the agromorphological germplasm
of amaranth (Amaranthus spp.) in Tunja, Boyacá. Multivariate analyses (Principal Compo-
nent and Cluster Analysis) are used to group the 11 evaluated cultivars according to their
genetic similarity and yield potential. This study is expected not only to identify superior
genotypes, such as the outstanding Genotype 10, but also to serve as a methodological
reference for future multi-site field trials, consolidating amaranth as a viable economic
alternative for small and medium-sized Colombian producers.

2. Results
2.1. Morphoagronomic Characterization Using Quantitative Descriptors

The morphoagronomic characterization of amaranth cultivars under greenhouse con-
ditions in Tunja, Boyacá, showed a wide phenotypic dispersion among the 11 genotypes
evaluated (Table 1). The analysis of the coefficients of variation (CV) for each material
allowed the identification of different levels of intragenotypic homogeneity at a signifi-
cance level of 95% (p < 0.05). Genotype 1 exhibited relative stability in reproductive traits,
with a CV of 1.62% for IL and 3.37% for WS. However, foliar parameters showed greater
fluctuation, with a CV of 10.79% for LL and 8.73% for PH. Genotype 2 showed moderate
variability in leaf architecture (CV of 10.36% for LL, 11.98% for LW), while WS maintained
values of 5.23% and 4.46%, respectively. Genotype 3 was the material that presented the
least variation in five of the six variables evaluated, with the exception of IL (19.14%).

At the population level, LW emerged as the most plastic trait, exhibiting the highest
coefficient of variation (CV = 33.15%), with a mean of 4.23 cm and a range between
1.48 cm (Genotype 7) and 6.67 cm (Genotype 3) (Table 1). This was followed by LL
(31.21%) and NL (27.42%). In contrast, traits such as IL (19.14%) and PH (21.21%) showed
the lowest CV values, suggesting greater genetic stability or lesser sensitivity to the
greenhouse microenvironment.
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Table 1. Descriptive statistics of the quantitative variables evaluated for the characterization of the
11 amaranth cultivars in Tunja, Boyacá.

Genotype
n = 11 PH NL LL LW IL WS

Gen1 38.19 59.11 5.54 2.93 25.75 0.89
Gen2 65.06 73.89 7.17 3.52 29.59 0.79
Gen3 76.44 43.56 11.80 6.67 34.31 0.57
Gen4 65.31 50.78 10.36 6.03 21.97 0.81
Gen5 56.30 51.22 6.40 4.23 34.30 0.85
Gen6 55.51 61.11 9.90 4.98 22.22 0.48
Gen7 36.09 19.04 2.87 1.48 29.56 0.76
Gen8 62.36 48.22 7.59 4.00 20.62 0.82
Gen9 67.39 56.33 8.85 3.97 25.48 0.38

Gen10 64.00 48.56 8.69 4.31 21.72 0.91
Gen11 71.33 41.22 7.60 4.38 32.29 0.57

Average 59.82 50.28 7.89 4.23 27.07 0.71
CV % 21.21 27.42 31.21 33.15 19.14 25.15

Σ 12.69 13.79 2.46 1.40 5.18 0.18

Genotype Gen; PH: Plant height (cm); NL: Number of leaves; LL: Leaf length (cm); LW: Leaf width (cm); IL:
Inflorescence length (cm); WS: Weight of 1000 seeds (g). σ: Standard deviation; CV: Coefficient of variation.

2.2. Correlation Analysis for Quantitative Descriptors

As shown in Figure 1, Pearson correlation analysis shows a strong positive correlation
between leaf width (LW) and leaf length (LL) with a value of 0.99. Furthermore, there is a
positive relationship between PH and LL, as well as between PH and LW, with values of
0.94, respectively. On the other hand, negative but not statistically significant correlations
were found between LL and LW (LL and LW) with the WS with values of −0.80, respectively.
Similarly, a negative correlation was found between PH and WS, with a value of −0.89.
The values obtained in this analysis were significant at the 95% level (p < 0.05).

Figure 1. Pearson correlation analysis for the quantitative variables evaluated in the amaranth
genotypes. PH: Plant height (cm); NL: Number of leaves; LL: Leaf length (cm); LW: Leaf width (cm);
IL: Inflorescence length (cm); WS: Weight of 1000 seeds (g).
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2.3. Principal Component Analysis for Quantitative Descriptors

Principal Component Analysis (PCA) identified the variables with the greatest discrim-
inatory capacity within the evaluated amaranth germplasm. The first principal component
(PC1) explained 49.9% of the total phenotypic variance, while the second (PC2) contributed
21.4%. Together, these two orthogonal axes accounted for 71.3% of the cumulative variation
(Figure 2), ensuring a reliable two-dimensional representation of genotype dispersion
(Table S1).

Figure 2. Principal component analysis of the quantitative variables of the amaranth genotypes. PH:
Plant height (cm); NL: Number of leaves; LL: Leaf length (cm); LW: Leaf width (cm); IL: Inflorescence
length (cm); WS: Weight of 1000 seeds (g).

Vector loading analysis revealed that PC1 captured variance driven by vegetative vigor
(PH, LL, and LW), while PC2 reflected leaf development (NL) and reproductive indices
(IL), which carried the highest discriminatory weight. The biplot (Figure 2) demonstrated a
clear trade-off (inverse relationship) between seed weight (WS) and vegetative vigor, as
well as between inflorescence length (IL) and leaf number (NL). In contrast, strong positive
associations were confirmed among PH, LL, and LW, with NL also correlates positively
with these vegetative traits. These multidimensional patterns confirm a well-structured
phenotypic diversity among the 11 amaranth genotypes evaluated in the Tunja (Boyacá)
greenhouse trial.

2.4. Cluster Analysis for Quantitative Descriptors

Hierarchical clustering analysis classified the genotypes into five clusters (Figure 3)
differentiated by their morphology and yield components:

Cluster I (G7): A divergent group with low height (PH = 36.09 cm) and minimal leaf
development (LL = 2.87 cm).

Cluster II (G3, G11): Distinguished by its high vegetative vigor, greater heights
(71.33–76.44 cm), and seed weight stability (WS = 0.57 g).
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Cluster III (G1): Exhibited low-to-intermediate performance, with superior architec-
ture compared to Cluster I but modest photosynthetic capacity.

Cluster IV (G2): An independent unit characterized by atypical leaf density, registering
the highest number of leaves (NL = 73.89).

Cluster V (G4, G5, G6, G8, G9, G10): The most cohesive group, with intermediate and
stable morphological characteristics (PH: 55.51–67.39 cm).

The robustness of the five identified clusters was confirmed by the Cophenetic Cor-
relation Coefficient, which reached a value of 0.84, indicating a high fidelity between the
dendrogram and the original distance matrix.

In conclusion, clustering allowed for the identification of materials ranging from dwarf
varieties to genotypes with high yield potential and unique leaf architectures.

Figure 3. Hierarchical cluster analysis in which the 11 amaranth genotypes were grouped according
to quantitative descriptors based on Euclidean distances. Each color represents one of the groups
formed: Red: Group I; Yellow: Group II; Green: Group III; Blue: Group IV; and Pink: Group V.

2.5. Frequency Analysis of Qualitative Descriptors

The analysis of the qualitative descriptors revealed a wide phenotypic variability
among the 11 genotypes evaluated, although with absolute homogeneity in the GH, which
was upright (100%) for the entire population (Table 2).

Stems were mostly pubescent (91%) and showed a clear ontogenetic color shift:
reddish-green prevailed in the juvenile stage (73%), whereas pinkish-red became most
frequent in adult plants (Table 2). Striations were constant, dominated by red (47%) and
green (38%) pigments. Leaves were primarily ovate (55%) with entire margins (75%), a
rough, prominent surface (82%), and pink petioles (60%). Early-stage leaves typically
displayed dark green blades with basal pigmentation in the upper third (45%), which later
diversified into green blades with pigmented margins or bases in adulthood.
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Table 2. Frequency analysis for the qualitative descriptors used for the characterization of the
11 amaranth cultivars in Tunja, Boyacá.

Descriptor Dominant Category F. Absolute F. Relative (%)

Growth habit (GH) Erect 99 100

Stem pubescence (SP) Present 90 91

Pigmentation of the young stem (PYS) Reddish green 72 73

Pigmentation of the adult stem (PAS) Red-pink 41 41

Streaks on the stem (ST) Present 99 100

Color of the striations on the stem (CST) Red 47 47

Pigmentation in young leaves (PYL) Dark green blade, with pigmentation at
the base of the upper third of the leaves. 45 45

Pigmentation in adult leaves (PAL) Green 25 25

Leaf shape (LS) Ovada 54 55

Margin of Leaf (ML) Entire 74 75

Color of the veins of the leaves (LVC) Green 83 84

Prominence of veins (PV) Rough 81 82

Pigmentation of the petiole (PPE) Pink 59 60

Position of the inflorescence (PI) Axillary and apical inflorescence 81 82

Type of inflorescence (TI) Glomerular 78 79

Inflorescence density (ID) Media 53 54

Inflorescence shape (IS) Erect or weakly recurved 90 91

Color of the inflorescence (CI) Yellow 44 44

Seed color (SC) White 45 45

Reproductive structures were predominantly axillary and apical (81%) with a glomeru-
late architecture (79%). GH was mostly erect or slightly recurved (91%), and ID was
intermediate in 54% of cases. Inflorescence color varied across four phenotypes, chiefly
yellow (44%) and purple (22%) (Table 2). Finally, testa seed color (SC) displayed polymor-
phism, resolving into white (45%), black (36%), and yellow (18%).

Morphological analysis of the 11 evaluated genotypes revealed a predominantly
upright architecture, albeit with significant variations in pigmentation and foliar traits that
facilitate clear differentiation (Figure 4). Stems ranged from glabrous (genotypes 1 and 7)
to pubescent with striations spanning green, red, and purple hues; they also exhibited
distinct ontogenetic chromatic shifts from juvenile reddish-green to adult yellow, pink,
or purple tones. Regarding leaf morphology, elliptical and ovate shapes predominated,
with textures varying from smooth to markedly rough. Petioles were mostly pink, whereas
leaf blades transitioned from dark green during youth to pigmented bases or margins at
maturity. Inflorescences served as a key diagnostic feature, occurring mainly in axillary and
apical positions with glomerulate or amarantiform structures. Their densities fluctuated
from medium to dense, displaying a color palette of yellow, pink, purple, and reddish-pink.
Finally, seed color acted as a definitive distinctive marker, categorizing the genotypes
into white (1, 2, 7, 8, and 10), yellow (4 and 5), and black (3, 6, 9, and 11) groups. This
polymorphism reflects a broad genetic and phenotypic diversity within the germplasm,
which is essential for future selection and breeding programs.
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Figure 4. Phenotypic variability observed in the 11 amaranth genotypes evaluated under controlled
conditions in Tunja, Boyacá.

2.6. Multiple Correspondence Analysis for Qualitative Variables

Multiple Correspondence Analysis (MCA) for qualitative variables revealed that the
first two dimensions accounted for 49% of the total inertia, with Dim 1 explaining 28.3%
and Dim 2 contributing 20.5% (Table S2). Although most of the studied materials shared
a common phenotypic background, variables with high diagnostic value were clearly
identified at the extremes of both dimensions (Figure 5).

Figure 5. Multiple correspondence analysis of the contribution of qualitative variables. Red letters
are the qualitative variables analyzed, numbers in blue are the 11 genotypes studied.

Dimension 1 was primarily defined by pigmentation and leaf/reproductive mor-
phological traits. The categories exhibiting the greatest discriminatory power included
vein coloration (LVC_4), petiole coloration (PPE_3), stem coloration (PYS_5), and in-
florescence shape (IS_2). Meanwhile, Dimension 2 segregated the materials according
to specific color and developmental stages, particularly regarding the pigmentation of
both mature (PAS) and young stems (PYS). Finally, while most materials clustered near
the centroid—indicating high phenotypic homogeneity—Genotype 6 projected distally
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as an outlier. Its qualitative profile, characterized by purple pigmentation and a dis-
tinctive inflorescence type, markedly separated it from the average phenotype of the
evaluated population.

2.7. Cluster Analysis for Qualitative Descriptors

Hierarchical clustering analysis based on qualitative descriptors classified the
11 genotypes into six main groups (Figure 6) according to their pigmentation patterns
and morphology:

Figure 6. Cluster analysis of the qualitative characters evaluated in the 11 amaranth genotypes using
Euclidean distance. Each color represents one of the groups formed as follows: Red: Group I; Blue:
Group II; Green: Group III; Purple: Group IV; Group V: Cream; Group VI: Brown.

Group I (G1, G7): Characterized by a low presence of accessory pigments; they
have green foliage, stems that mature from green to yellow, yellow inflorescences, and
white seeds.

Group II (G2, G5): They exhibit intermediate pigmentation, with reddish juvenile
stems, pink petioles, and pink, erect inflorescences.

Group III (G6): This is the most divergent material (outlier). It stands out for its intense
expression of betaines and anthocyanins in all its organs (stem, leaves, and purple/pink
flowers) and has black seeds.

Group IV (G4, G8, G10): Genotypes with vegetative vigor and phenotypic stability;
They share stems with red streaks, ovate leaves, and dense, glomerulated inflorescences.

Group V (G9): A single cluster defined by its high plasticity and polymorphism.
It exhibits a wide range of stem and leaf spot colors and is the only group with both
glomerulated and amaranth-like inflorescences.

Group VI (G3, G11): Includes materials with pigments in reproductive structures,
characterized by stems with red streaks, dense purple inflorescences, and black seeds.

In Supplementary Table S1, a summary of the main morphological characteristics that
defined the groupings of the 11 evaluated amaranth genotypes can be seen.

The robustness of the six identified groups was validated using the Cophenetic Corre-
lation Coefficient (CCC), which yielded a value of 0.86, demonstrating high consistency
between the dendrogram and the qualitative similarity matrix. The significance of the sepa-
ration between clusters was corroborated by a Bootstrap test with 1000 replicates, where
the main nodes showed support values greater than 80%, ensuring that the classification is
not due to chance, but rather to biological patterns of pigmentation and morphology.
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In conclusion, this classification is consistent with Multiple Correspondence Analysis,
highlighting Genotypes 6 and 9 as the most unique phenotypic profiles, most distinct from
the population average (Table S4).

2.8. Mixed Multivariate Analysis

Multiple Factor Analysis (MFA) integrated both categorical and continuous variables
(Table S3), with the first two dimensions explaining 61.2% of the total phenotypic variance
(Figure 7).

Figure 7. Analysis of mixed factors, taking into account the contribution of the quantitative and
qualitative descriptors in the first two components.

Dimension 1 (37.1%) was characterized by qualitative pigmentation descriptors (as-
sociated with betalains and anthocyanins), with the horizontal separation of genotypes
being mainly driven by leaf, stem, and inflorescence color. Conversely, Dimension 2 (24.1%)
was primarily influenced by morphometric variables such as plant height (PH) and leaf
dimensions (LL, LW), alongside stem pigmentation patterns. Based on this integration,
genotypes G1 and G7 were characterized by short stature and a lack of complex pigmenta-
tion (predominantly green and yellow tones). In contrast, G6 exhibited a highly diverse
chromatic profile, featuring intense purple pigmentation across all organs. Genotypes G3,
G4, G8, G10, and G11 formed the cluster with the greatest vegetative vigor, standing out
for their maximum heights and leaf dimensions. Meanwhile, G9 was distinguished by its
unique morphometry and the lowest grain yield (0.38 g), whereas G2 and G5 displayed
balanced, intermediate phenotypes. Overall, this multi-trait analysis demonstrates that
plant height, seed yield, and pigmentation intensity are the fundamental axes defining the
genetic divergence of these materials, thereby facilitating strategic selection based on target
vigor or coloration traits.

2.9. Mixed Cluster Analysis

The mixed hierarchical clustering analysis integrated quantitative and qualitative
variables, classifying the 11 genotypes into six groups differentiated (Figure 8) by their
morphology, pigmentation, and yield:

Group I (G6): The most divergent material due to its intense purple pigmentation in
stems and leaves, amaranth-colored petioles, and terminal amaranth-like inflorescences.

Group II (G1, G7): Plants with low vegetative vigor and a predominance of green and
yellow tones; they produce white seeds and yellow inflorescences.

Group III (G2, G5): They exhibit intermediate morphological development, with
elliptical leaves, reddish stems with green streaks, and pink inflorescences.

https://doi.org/10.3390/plants15111648
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Group IV (G4, G8, G10): The group with the greatest stability and vigor. They are distin-
guished by their pinkish-red stems, consistent red streaks, and dense yellow inflorescences.

Group V (G9): Distinguished by its low productivity, registering the lowest thousand-
seed weight (0.38 g), and exhibiting pink veins.

Group VI (G3, G11): Includes the tallest plants with the longest inflorescences, charac-
terized by dense purple inflorescences and black seeds.

Figure 8. Cluster analysis in which the groups in which the amaranth cultivars are classified are
observed according to the qualitative and quantitative variables, using the Euclidean distance. Each
color represents one of the six groups. Blue: Group I; Yellow: Group II; Gray: Group III; Red: Group
IV; Light Purple: Group V; Dark Blue: Group VI.

The robustness of the mixed clustering analysis was validated by the Cophenetic
Correlation Coefficient, which yielded a value of 0.82, confirming a faithful representation
of the combined distances within the dendrogram structure. Furthermore, bootstrap
resampling with 1000 iterations provided node support values exceeding 75% for most
major branches, ensuring that the classification of the 11 genotypes is stable and statistically
reliable for breeding programs. Consequently, this multivariate integration allowed for
a precise separation of genotypes, successfully identifying materials ranging from those
with high agronomic potential (Groups IV and VI) to those with unique chromatic profiles
(Group I).

Supplementary Table S5 summarizes the main quantitative and qualitative variables
that define the groupings of the 11 genotypes evaluated.

2.10. Selection of Superior Amaranth Genotypes

For the selection of superior genotypes, the total weight of the seeds obtained in the
9 plants of each genotype was considered, which was extrapolated to a planting density
used in commercial crops in Mexico of 260,417 plants/ha [15]. From this estimate, the
potential yield of each genotype was determined.

The performance analysis for the selection of the best genotypes showed significant
variations between the evaluated materials. Genotype 10 stood out for obtaining the
highest yield (642.94 kg/ha), followed by genotypes 2 and 8 with values of 532.99 kg/ha
and 525.75 kg/ha, respectively (Figure 9). Genotypes 5, 11 and 4 showed an intermediate
performance (range between 409.72 kg/ha to 462.10 kg/ha), while genotypes 3, 6 and
9 showed a lower performance. Finally, the lowest productive indices were recorded in
genotypes 1 and 7 with yields of 242.48 kg/ha and 239.29 kg/ha, respectively.
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Figure 9. Comparison of seed yield (kg/ha), evaluated in eleven amaranth genotypes.

Additionally, for the identification of promising genotypes, performance was analyzed
comprehensively with complementary variables such as PH, IL and WS. In this sense, geno-
type 10 presented an outstanding agronomic profile by combining the highest productivity
with the maximum value of WS = 0.91 g and an PH = 64 cm (Table 3); genotype 2 stood
out for its leaf architecture, recording the highest NL in the collection (73.89) and an IL of
29.59 cm; genotype 8 showed consistent values in PH = 62.36 cm and WS = 0.82 g.

Table 3. Amaranth genetic material evaluated morpho-agronomically under controlled conditions in
Tunja, Boyacá.

Code Country of
Origin Collection Site Harvest Date Georeferencing Common Name Species

BGQ0030 (Gen1) Colombia Agricultural
Diagnostic Center 2013 5◦33′13.8′′ N

73◦21′37.1′′ W Kiwicha white seed A. cruentus

BGQ0051 (Gen2) Ecuador Ecuador-INIAP 0◦22′07.3′′ S
78◦33′18.5′′ W Kiwicha INIA Alegría A. cruentus

BGQ0039 (Gen 3) Colombia Agricultural
Diagnostic Center 2014 5◦33′13.8′′ N

73◦21′37.1′′ W Kiwicha black A. hypochondriacus

NA (Gen4) 2018
Kiwicha INIAP

alegría—Harvested
January 2018

A. hypochondriacus

BGQ0076 (Gen5) Colombia Nariño 2013 Kiwicha A. cruentus

NA (Gen6) Colombia Subachoque-
Cundinamarca 2020 4◦55′41′′ N

74◦10′25′′ O Black amaranth A. caudatus

NA (Gen 7) Colombia Subachoque-
Cundinamarca 2020 4◦55′41′′ N

74◦10′25′′ O White amaranth A. cruentus

BGQ0021 (Gen 8) Colombia Agricultural
Diagnostic Center 2017 5◦33′13.8” N

73◦21′37.1′′ W White kiwicha A. hypochondriacus

NA (Gen9) Colombia Subachoque-
Cundinamarca 2024 4◦55′41′′ N

74◦10′25′′ O Black amaranth A. hypochondriacus/
A. hybridus

BGQ0023 (Gen10) Colombia La Colorada
Tunja 2017 5◦34′44.7′′ N

73◦20′36.0′′ W Kiwicha A. hypochondriacus

BGQ0010 (Gen11) Colombia Agricultural
Diagnostic Center 2013 5◦33′13.8′′ N

73◦21′37.1′′ W Kiwicha A. hypochondriacus

In contrast, a direct correlation was observed between low performance and the
reduction in biometric variables in genotypes 1 and 7, which presented the minimum PH
values (38.19 and 36.09 cm, respectively), as well as reduced dimensions in leaf length and
width (LL and LW).

3. Discussion
The descriptive analysis of amaranth cultivars, under controlled conditions in Tunja,

Boyacá, revealed significant heterogeneity in the six quantitative descriptors evaluated.
Morphological characters related to the photosynthetic area, specifically LW (CV: 33.15%),
LL (CV: 31.21%) and NL (CV: 27.42%), exhibited the greatest phenotypic plasticity (Table 3).
In contrast, IL and PH showed relative stability, with a coefficient variation of 19.14% and
21.21%, respectively (Table 1).

https://doi.org/10.3390/plants15111648

https://doi.org/10.3390/plants15111648


Plants 2026, 15, 1648 13 of 21

It is important to note that the reference studies found on agromorphological char-
acterization of amaranth have been carried out in open field conditions, at temperatures
higher than those of Tunja (average temperature 16 ◦C), so the greenhouse study helps us
to control this environmental variable a little and the results, although compared with field
studies, allow us to have an approximate idea of the agronomic behavior that the evaluated
genotypes may have under similar conditions.

This variability in leaf characteristics is consistent with what was reported by Sefasi
et al. [16], who identified a wide fluctuation in leaf length (CV: 59.5%) and width (CV:
44.5%). However, unlike the present study, these authors also observed variations in
inflorescence length (56.2%) and plant height (44.1%) (Table 1). On the other hand, the
results of this research present greater similarities with the findings of Kpocheme et al. [17],
who reported a pronounced variability in the number of leaves (25%) and leaf dimen-
sions, while inflorescence length maintained a low CV (18%) (Table 1), suggesting that
the latter trait could be subject to stricter genetic regulation in certain populations, in
the study of amaranth germplasm in Benin under field conditions with average annual
temperatures of 26 ◦C.

Since this study was conducted under controlled and uniform environmental con-
ditions, the observed phenotypic divergences can be predominantly attributed to the
genotypic constitution of the evaluated materials. This interpretation coincides with the
conclusions of Nyasulu et al. [10] and Nzungize et al. [11], who suggest that the differentia-
tion in these characters responds to the intrinsic genetic identity of the materials and not to
external factors.

In general terms, the high phenotypic diversity identified confirms the potential of
amaranth as a valuable resource for targeted selection. According to Yeshitila et al. [6]
Singh et al. [18] and Kumari and Khan [19] this wide variation in the gene pool is not only
fundamental for the success of genetic improvement programs but is also a critical pillar
for the design of long-term plant genetic resource conservation strategies.

The Pearson correlation analysis in this study showed positive and highly significant
associations between the vegetative variables, highlighting the codependency between
LW and LL (r = 0.99), as well as of the PH with the LL (r = 0.94) and the LW (r = 0.94)
(Figure 1). These findings suggest that the increase in the height of the genotypes is directly
linked to greater leaf expansion, which coincides with what was reported by Sharma
et al. [20] and Yadav et al. [21] carried out in open fields in India, who identified PH
and leaf dimensions as critical determinants of leaf biomass in amaranth. In contrast,
non-significant negative correlations were observed between vegetative traits and WS,
while IL and NL showed phenotypic independence or weak associations (Figure 1). This
behavior differs from various previous characterizations where these traits usually show a
greater association with performance. For example, Yeshitila et al. [6] reported a negative
association between WS and PH, arguing that short genotypes can optimize seed yield
through an increase in IL; Simultaneously, Tiwari [22] and Kandel et al. [23] maintain
that panicle length and PH are positive predictors of yield. It is possible that greenhouse
conditions, by limiting full reproductive development due to suboptimal temperature
and lower photosynthetically active radiation, restrict the expression of these correlations
between vegetative traits and yield.

Likewise, Chaukse and Vyas [24] emphasize that productivity is linked to the thickness
of the stem, the panicle, and the weight of the seeds. In the horticultural field, Ayenan
et al. [25], Abrar et al. [26] and Tyrus [27] confirm that leaf area and NL are essential
components for green leaf productivity, highlighting the use of amaranth as a vegetable.
Finally, the absence of statistical significance in certain associations in this study suggests
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independence that could be exploited in breeding programs to select specific architectures
without compromising seed weight.

The principal component analysis (PCA) identified that the greatest proportion of the
phenotypic variation was concentrated in the first component (CP1), defined primarily
by PH, LL and LW, while the second component (CP2) grouped the NL and IL (Figure 2).
These results present high agreement with those reported by Adedibu et al. [28], who
determined that CP1 (30.23% of the variance) integrated leaf dimensions and plant height,
while CP2 (11.87%) was associated with the number of leaves and mineral composition.
Similarly, Bashyal et al. [29] documented a cumulative variance of 88.3%, where CP1 was
positively explained by phenology, height and canopy dimensions, while CP2 grouped NL,
Il and the WS. Although there is a convergence with Kpocheme et al. [17] regarding the
dominance of the PH, LL and LW in the first variation vector, the present study reveals
a structural divergence, since in the aforementioned research the NL and the IL were
associated with CP1, while in this work these traits were moved towards CP2 (Figure 2).
This discrepancy suggests a differentiation in the partitioning of the phenotypic variance
of the materials evaluated, possibly derived from the intrinsic genetic distinction of the
genotypes analyzed.

The cluster analysis based on quantitative descriptors allowed discrimination of the
evaluated genotypes, identifying that PH, leaf dimensions and number of leaves (NL)
were the characters with the greatest influence on the conformation and topology of the
clusters (Figure 3). These findings converge with those reported by Bashyal et al. [29], who
based the differentiation of four groups on the PH, leaf and petiole dimensions, and by
Unlike the findings of Sefasi et al. [16] the suboptimal temperature (16 ◦C) under which the
study was conducted homogenized the yield, prioritizing vegetative traits in the statistical
differentiation. Nevertheless, the identification of five clusters confirms significant genetic
diversity that can be used for selecting divergent parents to maximize hybrid vigor in plant
breeding programs.

The frequency analysis of the qualitative traits revealed a marked polymorphism and
phenotypic segregation in the studied population (Figure 4). In the architecture of the young
stem, reddish-green pigmentation predominated (73%), while the young leaves exhibited a
complex variability, highlighting the dark green coloration with basal pigmentation (45%).
During vegetative maturity, ovate leaf morphology (55%), rough veins (82%) and pink
petioles (60%) prevailed (Table 2). In the reproductive area, the inflorescences mostly
showed an axillary and apical position (82%) with intermediate density (54%) and yellow
color (44%), with white being the most common seed color (45%) (Figure 4). These results
contrast significantly with the findings of Siamey et al. [30], who evaluated amaranth
genotypes under field conditions in Ghana with temperatures above 25 ◦C and reported,
who reported a dominance of green stems (76.2%), foliar homogeneity in green tones
(>90%), lanceolate shapes (52.4%) and green petioles (85.7%). Likewise, these authors
recorded a higher frequency of green flowers (90.5%) and black seeds (52.4%), differing
from the trend observed in this work. This divergence and the wide range of phenotypic
diversity identified underline the potential of these materials as elite germplasm. As
suggested by Siamey et al. [30], the characterization of these distinctive morphological
traits is essential to guide genetic improvement programs towards the specific demands of
producers and consumers, optimizing the establishment of characters of agronomic and
commercial interest.

The multiple correspondence analysis (MCA) determined that the qualitative variables
with the greatest resolving power to explain the phenotypic variance were those associated
with the coloration of vegetative and reproductive organs (Figure 5). Specifically, the
pigmentation of the foliar, stem, veins, cauline striae, petiole and inflorescence constituted
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the descriptors with the greatest contribution to intergenotypic differentiation. In contrast,
the characters related to the erect growth habit, the presence of striae and pubescence on
the stem, as well as the habit of the inflorescence (erect to weakly recurved), were located
close to the origin of the factorial plane (Figures 4 and 5). This denotes a low discriminating
capacity due to its homogeneous nature within the collection, which limits its usefulness
for group segregation. These findings are consistent with what was stated by Yeshitila
et al. [12], who identified the pigmentation of stems, leaves and petioles as the determining
descriptors in the classification of amaranth genotypes, also observing a predominance of
upright habit and inflorescences.

Qualitative cluster analysis classified the 11 genotypes into six distinct groups, whose
structure was determined by chromatic polymorphism in vegetative organs and inflo-
rescence traits (Figure 6). In this group, Group I (Genotype 6) stood out, due to its high
accumulation of betalain pigments, and Group V (Genotype 9), due to its complex leaf
pigmentation pattern with purple mottling and ovoid spots. Although these results par-
tially coincide with what was stated by Yeshitila et al. [12], who grouped 120 genotypes
into three clusters based on pigmentation, inflorescence density and presence of thorns, the
finding of six groups in a smaller sample evidences a high density of phenotypic variation
and genetic heterogeneity. This notable diversity, which proportionally exceeds previous
reports, gives high strategic value to the germplasm studied for the selection of parents in
genetic improvement programs.

The integral analysis of qualitative and quantitative characters confirms that the
variability in amaranth genotypes depends on vegetative pigmentation and morphometric
traits (Figures 7 and 8). The presence of betalains and anthocyanins, in addition to being
a distinctive marker, offers adaptive advantages; according to Yeshitila et al. [12], these
pigments protect against UV-B radiation, function as antioxidants and mediate resistance
to biotic and abiotic stress, facilitating selection for extreme climates.

On the other hand, vegetative vigor and photosynthetic capacity are reflected in the
height of the plant and leaf dimensions. In this regard, Yeshitila et al. [6] point out that a
greater leaf area optimizes the production of photoassimilates, which favors greater seed
caliber and yield, especially in late flowering genotypes.

Although variables such as plant height, panicle length and seed weight are standard
predictors of productive potential [22,23,28,31], the yield projection based on a commercial
density of 260,417 plants/ha [15] should be considered a Comparative ranking under
controlled conditions. These estimates may vary in open fields due to the interaction
between agronomic management and environmental factors.

Within the evaluation, genotype 10 stood out as the most promising with an estimated
yield of 642.94 kg/ha (Figure 9), the highest weight of a thousand seeds (0.91 g) and an
inflorescence length of 21.72 cm. This performance is consistent with what was stated by
Bashyal et al. [29], who associate the simultaneous improvement in panicle length and seed
weight with higher yield. Likewise, Sefasi et al. [16] reinforce that genotypes that integrate
superior values in performance and morphological characters are the ideal candidates for
genetic improvement programs.

On the other hand, genotypes 2 and 8 stood out for their versatility and efficiency
(Figure 9). Genotype 2 (532.99 kg/ha) presented superior vegetative vigor (73.89 leaves
and 65.06 cm in height), an ideal profile for dual use (grain and forage), while genotype
8 combined good performance with a size of 62.36 cm and a weight of 1000 seeds of
0.82 g, which according to Yeshitila et al. [6] is commercially desirable to mitigate the
risk of lodging.

At the lower end, genotypes 1 and 7 presented the lowest yields (242.48 and
239.29 kg/ha), consistent with their lowest values of plant height (38.19 and 36.09 cm) and
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leaf dimensions (Figure 9). However, genotype 1 exhibited the second highest 1000 seed
weight (0.89 g), indicating that its low overall yield is due to lower seed production per
plant and not to poor or reduced grain size, giving it strategic value as an allele donor for
grain size in targeted hybridization programs.

Finally, the yields estimated in the present study exhibit a magnitude significantly
lower than the standards documented in open field conditions. In commercial production
systems with optimized agronomic management, grain productivity in amaranth usually
ranges between 1500 and 7200 kg/ha, depending on the cultivar and the agroclimatic
variables of the environment [32]. This discrepancy was expected, given that the greenhouse
environment, although it guarantees the experimental homogeneity necessary to determine
the relative genetic potential, does not accurately replicate determining factors such as the
incidence of photosynthetically active solar radiation, the dynamics of competition in real
planting densities or the management practices typical of large-scale agriculture.

Consequently, the values obtained constitute a comparative ranking of intergenotypic
performance under standardized conditions but should not be interpreted as absolute
parameters of commercial performance. Under this premise, the validation of genotypes
10, 2 and 8 is recommended through multilocal field trials that contemplate the direct deter-
mination of reproductive biomass. These subsequent studies are imperative to corroborate
the productive superiority and phenotypic stability of these materials in the face of biotic
and abiotic factors of real cultivation systems.

4. Materials and Methods
4.1. Study Area

The morpho-agronomic characterization was carried out under protected environ-
ment conditions (greenhouse) at the main campus of the Pedagogical and Technological
University of Colombia (UPTC), located in the municipality of Tunja, Boyacá. The study
area is geographically located at 5◦ 33′ North latitude and 73◦ 24′ West longitude, at an
altitude of 2691 m above sea level. During the experimental period, an average temperature
of 16.2 ◦C and a relative humidity of 71.8% were recorded [33].

4.2. Plant Material

Eleven amaranth varieties (Table 3) from the Boyacá Governorate’s seed collection were
evaluated using qualitative and quantitative descriptors. The 11 cultivars were specifically
selected for their presence and availability in the department of Boyacá, Colombia. The
selection focused on their geographic relevance, prioritizing materials already available in
the region to address the technical gap in local amaranth production. Regarding diversity
of uses, the selection sought to encompass various categories, including grain-producing
species and those with potential for other agricultural applications. These varieties were
sown in peat germination trays, and the seedlings were then transplanted into polyethylene
bags containing a substrate composed of rice hulls and black soil in a 20:80 ratio in the
greenhouse of the Pedagogical and Technological University of Colombia.

4.3. Experimental Design

The study was established under a Randomized Complete Block Design (RCBD).
Eleven amaranth genotypes were evaluated as treatments, with three blocks (replicates)
used to control for environmental gradients and internal variability within the greenhouse.
Each experimental unit within a block consisted of three individual plants (sub-samples)
per genotype. Consequently, the total experimental population comprised 99 observation
units (11 genotypes × 3 blocks × 3 plants per unit).

https://doi.org/10.3390/plants15111648

https://doi.org/10.3390/plants15111648


Plants 2026, 15, 1648 17 of 21

The blocks were arranged orthogonally to the main source of environmental variation
(such as light or ventilation gradients) to ensure that intra-block variability was minimized.
Agronomic management, including manual weeding, localized fertilization, and irrigation,
was applied uniformly according to the specific needs of the crop. Harvesting and threshing
were conducted manually for each individual plant upon reaching physiological maturity.

4.4. Morphoagronomic Characterization

The morpho-agronomic characterization of amaranth cultivars was performed using
19 qualitative descriptors and 6 quantitative variables (Table 2), standardized by the Inter-
national Union for the Protection of New Varieties of Plants [34], the graphic manual for
varietal description in amaranth [35], and characterization protocols validated in previous
studies [6,10,11,29]. The two descriptors were recorded at two phenological stages, 3 and
5 months after sowing (Table 4).

Table 4. List of qualitative and quantitative morphological descriptors used in the characterization of
amaranth cultivars (Amaranthus spp.) under controlled conditions in Tunja, Boyacá.

Qualitative Abbreviation Descriptor and Code

Growth habit GH 1 = Upright, 2 = Prostrate
Stem pubescence SP 1 = Absence, 2 = Presence
Pigmentation of the young stem PYS 1 = Green, 2 = Yellow, 3 = Pink, 4 = Red, 5 = Purple,

6 = Reddish-green, 7 = Reddish-pinkPigmentation of the adult stem PAS
Streaks on the stem ST 1 = Absence, 2 = Presence
Color of the striations on the stem CST 1 = Red, 2 = Purple, 3 = Green, 4 = Yellow, 5 = None
Pigmentation in the young leaves PYL 1 = Green, 3 = Entire leaves purple, 4 = Margin and veins

pigmented, 5 = Ovoid central spot with pigmented margin
and veins, 6 = Entire leaf green with pigmented base,
7 = Purple mottling with pigmented margin and veins,
8 = Dark green, 9 = Entire leaf green with pigmented
margin, 10 = Entire leaf reddish-pink, 11 = Reddish-green
blade, 12 = Dark green leaf, with pigmentation at the base
of the upper third of the leaves

Pigmentation in the adult leaves PAL

Leaf shape LS 1 = Lanceolate, 2 = Elliptical, 3 = Cuneiform, 4 = Obovate,
5 = Ovate, 6 = Oval, 7 = Rhomboid, X = Mixed

Margen of leaf ML 1 = Entire, 2 = Crenate, 3 = Wavy, 4 = Sinuous, X = Mixture
Leaf vein color LVC 1 = Green, 2 = Pink, 3 = Red, 4 = Purple
Prominence of veins PV 1 = Smooth, 2 = Rough

Pigmentation of the petiole PPE
1 = Green, 2 = Pink, 3 = Amaranth, 4 = Red, 5 = White,
6 = Yellow

Position of the inflorescence PI 1 = Terminal inflorescence, 2 = Axillary and apical
inflorescence

Type of inflorescence TI 1 = Amarantiform, 2 = Glomerulated
Inflorescence density ID 3 = Loose, 5 = Medium, 7 = Dense

Inflorescence shape IS
1 = Erect or weakly recurved, 2 = Intermediate,
3 = Strongly recurved

Color of the inflorescence CI 1 = Yellow, 2 = Green, 3 = Pink, 4 = Red, 5 = Purple,
6 = Brown, 7 = Red-pink

Seed color SC 1 = White, 2 = Yellow, 5 = Black
Quantitative Abbreviation

Plant height (cm) PH
Number of leaves NL
Leaf length (cm) LL
Leaf width (cm) LW
Inflorescence length (cm) IL
Weight of 1000 seeds (g) WS
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4.5. Data Analysis

For the analysis of the data obtained in the morpho-agronomic characterization, de-
scriptive statistics, and Tukey’s test for comparison with p < 0.05 were performed to
determine the significant differences between the cultivars, using the statistical software
R version 4.5.2. For the qualitative variables, frequency analysis was carried out in the
statistical software InfoStat 2020. Pearson correlation analyses for the quantitative vari-
ables were performed with the package “corrplot”: Visualization of a Correlation Matrix
(Version 0.84) [36].

For multivariate analysis, hierarchical principal component analysis (HCPC) was
performed using the algorithms included in the Factoextra package of the R program, which
were represented in a two-dimensional plane using the FactoMineR package. Euclidean
distances and Ward’s minimum distances were considered in the cluster analyses using
FactoMineR. For mixed analysis, considering both qualitative and quantitative variables,
mixed principal component analysis (PCAmix) was employed, implemented using the
PCA mixdata package of R [37].

For the selection of superior genotypes, the total weight of seeds obtained from nine
plants per genotype was recorded. The data were extrapolated to estimate the potential
yield (kg/ha), considering a population density of 260,417 plants/ha, according to the
parameters established for commercial crops in Mexico by Romero et al. [15].

5. Conclusions
The morphoagronomic characterization allowed us to determine a wide genetic vari-

ability in the evaluated germplasm, achieving the segregation of the genotypes into dif-
ferentiated groups. This diversity, manifested in both quantitative traits (height and leaf
dimensions) and qualitative traits (chromatic polymorphism due to betalains), constitutes
a solid basis for identifying genetic relationships and guiding selection processes within
the breeding program.

The multivariate analysis revealed that performance does not depend on a single
variable but on an integration of factors. It is concluded that, in the population studied,
the characteristics of the leaf and the height of the plant are closely linked to vegetative
vigor, while pigmentation acts as a determining descriptor for the differentiation between
genotypes and the potential for adaptability to stress conditions.

Genotypes 10, 2 and 8 were consolidated as materials with the greatest agronomic
potential. Genotype 10 stood out for its superiority in estimated yield and weight of
1000 seeds, while genotypes 2 and 8 exhibited an optimal balance between vegetative vigor
and reproductive efficiency, positioning themselves as ideal candidates for incorporation
into genetic improvement schemes for the species.
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mdpi.com/article/10.3390/plants15111648/s1: Table S1: Summary of hierarchical clustering analysis
for qualitative descriptors.; Table S2: Summary of hierarchical clustering based on the integration
of quantitative and qualitative descriptors. Table S3. Mixed principal component analysis for the
11 amaranth genotypes evaluated. Table S4. Summary of the main morphological characteristics
that define the groupings of the 11 amaranth genotypes evaluated. Table S5. Summary of the main
qualitative and quantitative variables that define the groupings in the mixed UPGMA analysis.
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Abbreviations
The following abbreviations are used in this manuscript:

GH Growth habit
SP Stem pubescence
PYS Pigmentation of the young stem
PAS Pigmentation of the adult stem
ST Streaks on the stem
CST Color of the striations on the stem
PYL Pigmentation in the young leaves
PAL Pigmentation in the adult leaves
LS Leaf shape
ML Margin of leaf
LVC Leaf vein color
PV Prominence of veins
PPE Pigmentation of the petiole
PI Position of the inflorescence
TI Type of inflorescence
ID Inflorescence density
IS Inflorescence shape
CI Color of the inflorescence
SC Seed color
PH Plant height (cm)
NL Number of leaves
LL Leaf length (cm)
LW Leaf width (cm)
IL Inflorescence length (cm)
WS Weight of 1000 seeds (g)

References
1. Rangel, E.E.; Hernández, L.F.S.; Ramos, M.G.V.; Molina, L.G.; López, D.E.; Delgado, M.J.A. Tiene el Amaranto el Potencial

Agronómico para ser un Fenómeno Mundial como la Quinua. Rev. Mex. Cienc. Agrícolas 2021, 12, 1459–1471. [CrossRef]
2. Adhikari, P.; Joshi, L.P.; Ayer, D.K.; Tiwari, K.R. Agromorphological Diversity and Disease Assessment of Grain Amaranth in

Lamjung, Nepal. Adv. Agric. 2022, 2022, 8969390. [CrossRef]
3. Tiwari, K.K.; Thakkar, N.J.; Dharajiya, D.T.; Bhilocha, H.L.; Barvaliya, P.P.; Galvadiya, B.P.; Prajapati, N.N.; Patel, M.P.; Solanki,

S.D. Genome-wide Microsatellites in Amaranth: Development, Characterization, And Cross-Species Transferability. 3 Biotech
2021, 11, 395. [CrossRef] [PubMed]

4. Park, S.J.; Sharma, A.; Lee, H.J. A Review of Recent Studies on the Antioxidant Activities of a Third Millennium Food: Amaranthus
spp. Antioxidants 2020, 9, 1236. [CrossRef]

https://doi.org/10.3390/plants15111648

https://doi.org/10.29312/remexca.v12i8.2897
https://doi.org/10.1155/2022/8969390
https://doi.org/10.1007/s13205-021-02930-5
https://www.ncbi.nlm.nih.gov/pubmed/34422536
https://doi.org/10.3390/antiox9121236
https://doi.org/10.3390/plants15111648


Plants 2026, 15, 1648 20 of 21

5. Yadav, A.; Yadav, K. From Humble Beginnings to Nutritional Powerhouse: The Rise of Amaranth as a Climate-Resilient Superfood.
Trop. Plants 2024, 3, e037. [CrossRef]

6. Yeshitila, M.; Gedebo, A.; Degu, H.D.; Olango, T.M.; Tesfaye, B. Study on Characters Associations and Path Coefficient Analysis
for Quantitative Traits of Amaranth Genotypes from Ethiopia. Sci. Rep. 2023, 13, 20981. [CrossRef]

7. Schafleitner, R.; Lin, Y.P.; Dinssa, F.F.; N’Danikou, S.; Finkers, R.; Minja, R.; Abukutsa-Onyango, M.; Nyonje, W.; Lin, C.; Wu, T.;
et al. The World Vegetable Center Amaranthus Germplasm Collection: Core collection development and Evaluation of Agronomic
and Nutritional Traits. Crop. Sci. 2022, 62, 1173–1187. [CrossRef]

8. Anuradha, M.; Zinta, G.; Chauhan, R.; Kumar, A.; Singh, S.; Singh, S. Genetic Resources and Breeding Approaches for Improve-
ment of Amaranth (Amaranthus spp.) and Quinoa (Chenopodium quinoa). Front. Nutr. 2023, 10, 1129723. [CrossRef]

9. Giles, J.A.D.; Partelli, F.L.; Ferreira, A.; Rodrigues, J.P.; Oliosi, G.; Silva, F.H.L.E. Genetic Diversity of Promising ‘Conilon’ Coffee
Clones Based on Morpho-Agronomic Variables. An. Acad. Bras. Ciências 2018, 90, 2437–2446. [CrossRef]

10. Nyasulu, M.; Sefasi, A.; Chimzinga, S.; Maliro, M. Agromophological Characterisation of Amaranth Accessions from Malawi.
Am. J. Plant. Sci. 2021, 12, 1528–1542. [CrossRef]

11. Nzungize, J.R.; Ouedraogo, O.C.; Kante, K.; Tangara, B.S.; Tanou, F.; Goro, B.; Sogoba, M. Agromorphological Characterization of
Amaranth Accessions. Agric. Sci. 2024, 15, 1371–1390. [CrossRef]

12. Yeshitila, M.; Gedebo, A.; Tesfaye, B.; Degu, H.D. Agro-Morphological Genetic Diversity Assessment of Amaranthus Genotypes
from Ethiopia Based on Qualitative Traits. CABI Agric. Biosci. 2024, 5, 95. [CrossRef]

13. Graziano, S.; Agrimonti, C.; Marmiroli, N.; Gullì, M. Utilisation and Limitations of Pseudocereals (quinoa, amaranth, and
buckwheat) in Food Production: A Review. Trends Food. Sci. Technol. 2022, 125, 154–165. [CrossRef]

14. Niño-Hernández, J.C.; Moreno, D.F.; Ruíz-Berrío, H.D.; Balaguera-López, H.E.; Magnitskiy, S. Luz, Giberelinas y Profundidad de
Siembra Inciden sobre la Germinación de Semillas de Amaranthus hybridus L. Rev. UDCA Actual. Divulg. Científica 2020, 23, e1545.
[CrossRef]

15. Romero, C.O.; Ocampo-Mendoza, J.; Sandoval-Castro, E.; Navarro-Garza, H.; Franco-Mora, O. Plant Densities and Fertilization
Doses in the Cultivation of Amaranth. Rev. Mex. Cienc. Agrícolas 2021, 12, 937–944. [CrossRef]

16. Sefasi, A.; Nyasulu, M.; Kamanga, R.M.; Yalaukani, L.; Pilanazo-Katengeza, S.; Monjerezi, M.; Malidadi, C.; Masamba, K.
Phenotypic Diversity and Multivariate Analyses of Yield and Yield-Related Traits in Amaranth Accessions from Malawi. BMC
Plant Biol. 2025, 25, 1145. [CrossRef]

17. Kpocheme, A.O.E.K.; Hotegni, N.F.; Missihoun, A.A.; Gnanvi, B.N.; Atou, R.; Wouyou, A.; Montcho, D.; Gandonou, C.B.;
Agbangla, C.; Ahoton, L. Morphological Characterization of Amaranthus cruentus L. Mutant Lines Derived from Local and
Preferred Amaranthus cultivar. Int. J. Biol. Chem. Sci. 2022, 16, 1554–1569. [CrossRef]

18. Singh, A.; Maurya, A.; Rajkumar, S.; Singh, A.K.; Bhardwaj, R.; Kaushik, S.K.; Kumar, S.; Singh, K.; Singh, G.P.; Singh, R.
Genome-Wide Comparative Analysis of Five Amaranthaceae Species Reveals a Large Amount of Repeat Content. Plants 2024,
13, 824. [CrossRef]

19. Kumari, M.; Khan, M.I. Phenotypic, Biochemical, and Genetic Diversity within Varieties of Amaranthus tricolor L.: Implications of
Betalain Biosynthesis as a Taxonomic Marker of Speciation. S. Afr. J. Bot. 2025, 184, 1221–1233. [CrossRef]

20. Sharma, A.K.; Sagar, V.; Dwivedi, S.V.; Singh, R.K.; Chugh, V.; Devi, J.; Rai, N. Assessment of Genetic Variability among Vegetable
Amaranth (Amaranthus tricolor L.) Genotypes in Indo-Gangetic Plains. Veg. Sci. 2024, 51, 164–172. [CrossRef]

21. Yadav, S.; Kumar, V.; Pooniya, M.; Kumar, A.; Chaturvedi, S.K.; Singh, A. Genetic variability, correlation and principal component
analyses in grain amaranth under water limited conditions of Bundelkhand region. J. Cereal Res. 2022, 14, 268–274. [CrossRef]

22. Tiwari, S.; Pant, N.C.; Gupta, A.; Dwivedi, U.; Meena, J.K.; Pandey, C.S.; Dhoundiyal, R.; Bhatt, A. Genetic Variability and Genetic
Divergence for Seed Yield and its Components Characters in Grain Amaranth (Amaranhus hypochondriacus L.) Germplasm. Int. J.
Chem. Stud. 2018, 6, 3292–3297.

23. Kandel, M.; Rijal, T.R.; Kandel, B.P. Evaluation and Identification of Stable and High Yielding Genotypes for Varietal Development
in Amaranthus (Amaranthus hypochondriacus L.) under Hilly Region of Nepal. J. Agric. Food. Res. 2021, 5, 100158. [CrossRef]

24. Chaukse, C.; Vyas, D. Study about Correlation and Path Analysis in Grain Amaranth (Amaranthus hypochondriacus L.). Asian J. Soil
Sci. Plant Nutr. 2024, 10, 189–193. [CrossRef]

25. Ayenan, M.A.; Aglinglo, L.A.; Amoussou, L.C.; Sossa, R.M.; Zokpon, C.; Dinssa, F.F.; Schafleitner, R. Agronomic Performance
and Stability of Vegetable Amaranth (Amaranthus spp.) Genotypes in Benin. Plant-Environ. Interact. 2025, 6, e70076. [CrossRef]
[PubMed]

26. Abrar, M.; Ahmad, T.; Iqbal, S.; Ur Rehman, R.N.; Bokhari, S.A.M.; Ahmad, Z.; Artyszak, A.; Hashem, A.; Alkantani, J.; Abd-
Allah, E.F. Multivariate Analysis for Agronomic, Physiological, Macro, and Micronutrient Traits of Exotic Vegetable Amaranth
Genotypes. BMC Plant Biol. 2024, 24, 1137. [CrossRef]

27. Tyrus, M. The Yield of Amaranth Seeds Depending on the Sowing Depth. Feed. Feed Prod. 2025, 99, 77–85. [CrossRef]

https://doi.org/10.3390/plants15111648

https://doi.org/10.48130/tp-0024-0037
https://doi.org/10.1038/s41598-023-47869-0
https://doi.org/10.1002/csc2.20715
https://doi.org/10.3389/fnut.2023.1129723
https://doi.org/10.1590/0001-3765201820170523
https://doi.org/10.4236/ajps.2021.1210108
https://doi.org/10.4236/as.2024.1512075
https://doi.org/10.1186/s43170-024-00288-1
https://doi.org/10.1016/j.tifs.2022.04.007
https://doi.org/10.31910/rudca.v23.n2.2020.1545
https://doi.org/10.29312/remexca.v12i5.2769
https://doi.org/10.1186/s12870-025-07190-6
https://doi.org/10.4314/ijbcs.v16i4.16
https://doi.org/10.3390/plants13060824
https://doi.org/10.1016/j.sajb.2025.07.010
https://doi.org/10.61180/vegsci.2024.v51.i1.22
https://doi.org/10.25174/2582-2675/2022/118603
https://doi.org/10.1016/j.jafr.2021.100158
https://doi.org/10.9734/ajsspn/2024/v10i4394
https://doi.org/10.1002/pei3.70076
https://www.ncbi.nlm.nih.gov/pubmed/40778188
https://doi.org/10.1186/s12870-024-05862-3
https://doi.org/10.31073/kormovyrobnytstvo202599-07
https://doi.org/10.3390/plants15111648


Plants 2026, 15, 1648 21 of 21

28. Adedibu, P.A.; Animasaun, D.A.; Tekutyeva, L.; Son, O.; Abubakar, M.A.; Adamu, U.M.; Balabanova, L.; Yugay, Y.; Shkryl, Y.
Variability in Morphological, Biochemical, and Proximate Yield Composition among Predominant Amaranthus hybridus Cultivars
in South-West Nigeria. Horticulturae 2024, 10, 461. [CrossRef]

29. Bashyal, S.; Upadhyay, A.; Ayer, D.K.; Dhakal, P.; Bimochana, G.C.; Shrestha, J. Multivariate Analysis of Grain Amaranth
(Amaranthus spp.) Accessions to Quantify Phenotypic Diversity. Heliyon 2022, 8, e11613. [CrossRef]

30. Siamey, J.; Amissah, J.N.; Ofori, P.A.; Amoah, R.A.; Mensah, E.O.; Kotey, D.A. Agro-Morphological and Molecular Characterization
of Amaranthus Genotypes. PLoS ONE 2025, 20, e0328567. [CrossRef]

31. Trivedi, A.; Singh, N.; Chandra, G. Evaluation and Identification of High Yielding Genotypes for Varietal Development in
Amaranthus (Amaranthus spp.) under Hilly Region of Uttarakhand, India. Ecol. Environ. Conserv. 2023, 29, 179–184. [CrossRef]

32. Mukuwapasi, B.; Mavengahama, S.; Gerrano, A.S. Grain Amaranth: A Versatile Untapped Climate-Smart Crop for Enhancing
Food and Nutritional Security. Discov. Agric. 2024, 2, 44. [CrossRef]

33. Instituto de Hidrología, Meteorología y Estudios Ambientales [IDEAM]. DHIME-Consulta y Descarga de Datos Hidrometeo-
rológicos. 2023. Available online: http://dhime.ideam.gov.co/atencionciudadano/ (accessed on 18 February 2026).

34. Unión Internacional para la Protección de Obtenciones Vegetales (UPOV). TG/247/1: Guía para la Descripción Varietal en
Amaranto. 2008; 187p. Available online: https://www.upov.int/documents/d/upov/tg-documents-en-tg247.pdf (accessed on
28 February 2026).

35. Servicio Nacional de Inspección y Certificación de Semillas (SNICS). Manual Gráfico para la Descripción Varietal en Ama-
ranto (Amaranthus spp). México. 2006; 43p. Available online: https://www.gob.mx/cms/uploads/attachment/file/390818
/MGDVAmaranto.pdf (accessed on 24 March 2026).

36. Wei, T.; Simko, V. Corrplot: Visualization of a Correlation Matrix (Version 0.84) [Software]. 2017. Available online: https://cran.r-
project.org/web/packages/corrplot/index.html (accessed on 30 March 2026).

37. Chavent, M.; Kuentz, V.; Labenne, A.; Liquet, B.; Saracco, J. PCAmixdata: Multivariate Analysis of Mixed Data. R Package Version,
3. 2017. Available online: https://cran.r-project.org/web/packages/PCAmixdata/index.html (accessed on 3 January 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/plants15111648

https://doi.org/10.3390/horticulturae10050461
https://doi.org/10.1016/j.heliyon.2022.e11613
https://doi.org/10.1371/journal.pone.0328567
https://doi.org/10.53550/EEC.2023.v29i03.025
https://doi.org/10.1007/s44279-024-00057-8
http://dhime.ideam.gov.co/atencionciudadano/
https://www.upov.int/documents/d/upov/tg-documents-en-tg247.pdf
https://www.gob.mx/cms/uploads/attachment/file/390818/MGDVAmaranto.pdf
https://www.gob.mx/cms/uploads/attachment/file/390818/MGDVAmaranto.pdf
https://cran.r-project.org/web/packages/corrplot/index.html
https://cran.r-project.org/web/packages/corrplot/index.html
https://cran.r-project.org/web/packages/PCAmixdata/index.html
https://doi.org/10.3390/plants15111648

	Introduction 
	Results 
	Morphoagronomic Characterization Using Quantitative Descriptors 
	Correlation Analysis for Quantitative Descriptors 
	Principal Component Analysis for Quantitative Descriptors 
	Cluster Analysis for Quantitative Descriptors 
	Frequency Analysis of Qualitative Descriptors 
	Multiple Correspondence Analysis for Qualitative Variables 
	Cluster Analysis for Qualitative Descriptors 
	Mixed Multivariate Analysis 
	Mixed Cluster Analysis 
	Selection of Superior Amaranth Genotypes 

	Discussion 
	Materials and Methods 
	Study Area 
	Plant Material 
	Experimental Design 
	Morphoagronomic Characterization 
	Data Analysis 

	Conclusions 
	References

