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Abstract: The growing global loss of genetic diversity, phenotypic characterization becomes essential for identifying resilient
varieties capable of diversifying and strengthening the agricultural production of underutilized crops such as tarwi (Lupinus
mutabilis S.). This study aimed to characterize the phenotypic variability of 41 tarwi accessions conserved in the germplasm
bank of the National Institute of Agricultural Innovation (INIA) of Peru. The accessions were evaluated over two consecutive
agricultural seasons at the Santa Ana Agrarian Experimental Station under local conditions. Thirty morphological descriptors
(17 qualitative and 13 quantitative) were used following IBPGR guidelines. Data were analyzed using descriptive statistics,
principal component analysis, hierarchical clustering and correlation analysis for quantitative descriptors, as well as frequency
tables and the Shannon-Weaver diversity index for qualitative descriptors. The results revealed high phenotypic variability,
particularly in traits related to yield, plant architecture and floral attributes. The accessions were grouped into three morpho-
agronomic types: (1) highly productive accessions, (2) accessions with vigorous vegetative development, and (3) short-cycle
plants with moderate yields. Yield per plant was significantly associated with the total pod number, total seed mass in hundred
seeds and seed thickness. The study revealed considerable phenotypic diversity, characterized by significant correlations
among key agronomic traits, the delineation of three distinct phenotypic clusters, and the identification of valuable qualitative
attributes, which reinforces their potential for conservation and breeding programmes. However, expanded germplasm
evaluation and multi-environment trials are required to validate genotype stability and refine selection criteria. However,
additional accessions and further analyses are needed to validate the observed patterns.
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Introduction

Agriculture and global food security faces unprecedented
challenges due to climate change (Morales-Casco & Zuniga-
Gonzdlez, 2016), environmental degradation (Palacios-
Lépez, 2024) and the growing dependence on a limited
number of commercial crops for food, mainly staple cereals

* Corresponding author: Kevin Ortega-Quispe
(kevinorqu@gmail.com)

such as wheat, rice and maize, which has led to the neglect
of a wide range of genetic resources and potentially valuable
agronomic traits (Massawe et al, 2015). According to the
Food and Agriculture Organization of the UN (FAO), more
than 75% of agricultural genetic diversity has been lost
over the past century, thereby increasing the vulnerability
of agri-food systems to pests, diseases and extreme weather
events (FAO, 2019). In this context, the agromorphological
characterization of underutilized crops, such as Andean
legumes, becomes an essential strategy to identify resilient
varieties that can diversify agricultural production and
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improve nutrition (Ojuederie et al, 2023).

The Andean region is considered one of the most
important centres of origin and diversification of crops
worldwide, due to its climatic and cultural variability (Flores
et al, 2003). Over time, traditional crops such as tarwi
(Lupinus mutabilis S.), which for centuries played a central
role in Andean agriculture, have been gradually displaced
by introduced species of greater commercial interest, such
as faba bean (Vicia faba L.). This shift is driven not only by
economic dynamics but also by sociocultural factors, as tarwi
has historically been undervalued and associated with social
stigmas often perceived as ‘poor people's food’ or ‘indigenous
food’, which contributed to its progressive abandonment in
agricultural systems (Chalampuente et al, 2021).

Lupinus mutabilis S. is a leguminous species of the Fabaceae
family native to the Andes and is known by several vernacular
names reflecting the linguistic diversity of its distribution range:
'chocho' (Colombia, Ecuador, northern Peru), 'tarwi' or 'tarhui’
in Quechua (central and south-central Peru), 'tauri' in Aymara
(south of Lake Titicaca, Peru and Bolivia), and 'chuchus muti'
(Cochabamba, Bolivia) (Tapia, 2015). The species exhibits
outstanding adaptability to diverse geographic regions,
demonstrating promising agronomic performance and genetic
variability not only across South American ecosystems but also
in Mediterranean climates in Europe, where its cultivation
potential has been successfully evaluated (Guilengue et al,
2019). Traditionally cultivated in small-scale farming systems,
it stands out for its high nutritional value, with a protein
content exceeding 40%, along with essential oils and key
minerals important for human nutrition. In recent years, it
has been recognized as a biofortified food due to the notable
concentrations of micronutrients such as iron, zinc and boron
present in its seeds. These attributes position it as a strategic
crop in addressing food security and nutrition challenges in
rural areas. Furthermore, the flour obtained from debittered
tarwi exhibits favourable physicochemical properties: 9.20%
moisture, 2.03% ash, 20.01% fat, 51.65% protein, 9.04%
fiber and 8.10% carbohydrates, reinforcing its potential as a
functional ingredient for the development of value-added food
products (Caligari et al, 2000; Enrique Quispe, 2022; Vera-Vega
et al, 2022), Additionally, through its nitrogen-fixing based on
symbiosis with Rhizobium spp., combined with high tolerance
to poor soils and optimal adaptation to elevations between
2,000 and 3,800m a.s.l. in temperate to cold climates, tarwi
contributes significantly to soil improvement (Tapia, 2015).

Several studies in countries such as Ecuador and Bolivia
have highlighted the notable phenotypic plasticity of tarwi
(Camarena et al, 2012; Peralta et al, 2013; Aguilar Angulo,
2015; Cano et al, 2022). Nonetheless, in Peru, systematic
comparisons of accessions from different regions remain
lacking. Although novel debittering techniques have been
developed, most efforts have focused on reducing alkaloid
content or improving productivity, without integrating the
selection of high-yielding genotypes, limiting the effectiveness
of genetic improvement programmes (Gulisano et al, 2022).
This gap underscores the current weaknesses and the urgent
need to conserve and characterize tarwi’s genetic diversity
within germplasm banks, as a strategic foundation for the
development of sustainable and nutritious cropping systems
that contribute to food security. Given the increasing global
demand for sustainable plant-based foods, it is essential
to prioritize the generation of standardized data for the
description and comparison of germplasm collections, in

order to promote the conservation and use of underutilized
crops like tarwi within food sovereignty strategies (FAO,
2010; Padulosi et al, 2011).

Additionally, there is a need to provide farmers and
stakeholders with agromorphological information on well-
adapted varieties and accessions to reduce production
risks, inform public food security policies, and establish a
replicable methodology based on standardized qualitative and
quantitative descriptors by the International Board for Plant
Genetic Resources (IBPGR, 1981). This information aims
to complement the global efforts of germplasm banks and
research institutes for the conservation and improvement of
plant genetic resources (Gresta et al, 2017), positioning tarwi
as a sustainable alternative for high-Andean agri-food systems.

Accordingly, this research aimed to characterize the
phenotypic diversity of 41 tarwi accessions from the
Germplasm Bank of the Peruvian National Institute of
Agrarian Innovation (INIA), using descriptors established
by IBPGR protocols, evaluated over two consecutive seasons
under the agroecological conditions of the central highlands
at the Santa Ana Agricultural Experiment Station (hereafter
EEA Santa Ana). Ultimately, the study seeks to expand
current knowledge on tarwi morphology and generate a
positive impact on the agricultural sector by promoting
the conservation of plant genetic resources and supporting
progress toward the UN Sustainable Development Goals
(SDGs) (Seyedsayamdost, 2020).

Materials and methods

Plant material

The research was carried out using a total of 41 tarwi
accessions, which are part of the INIA Germplasm Bank. The
accessions were originally collected across diverse regions of
Peru during 1979 and 1981 and have since been maintained
through periodic regeneration following protocols established
by the Sub-Directorate of Genetic Resources, contributing
to national conservation efforts for Andean crop genetic
diversity.

The collection sites, number of accessions, and their
altitudinal range of origin were determined based on passport
data recorded in the national tarwi collection (Table 1), where
each accession has a unique international identification code
‘PER’. The full information on the tarwi accessions, as well as
the base material used in this study, is available on Zenodo
(https://doi.org/10.5281/zenodo.15740283).

Study area

The study was conducted at the EEA Santa Ana, located in
the district of El Tambo, province of Huancayo, Junin region
(12°0042.36” S, 75°13'17.60” W), in the southeastern part
of the Mantaro Valley, an important agricultural area in the
Peruvian Andes (Figure 1). The station is situated between
3,303 and 3,325m a.s.1., on an alluvial fan with predominantly
flat topography (Enriquez et al., 2025).

During the evaluation period (2022-2024), temperatures
ranged from 5.56°C to 22.42°C; relative humidity varied
between 60.35% and 86.07%, while monthly precipitation
fluctuated between 11.8mm (October 2024) and 145.9mm
(February 2024), according to data from the National
Meteorology and Hydrology Service (SENAMHI, 2024).
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Table 1. List of tarwi accessions evaluated in the 2022-2023 and 2023-2024 agricultural campaigns.

Department of Peru

Code

# of Accessions

%

Altitudinal range (m a.s.l)

Amazonas

Apurimac

Cajamarca

Cusco

Junin

La Libertad

Puno

Total accessions

PER1006833

PER1006006

PER1006664; PER1006673
PER1006676; PER1010656
PER1010657; PER1010658
PER1006722; PER1010659
PER1006734; PER1006807
PER1010661; PER1010662
PER1010663; PER1010664
PER1006827; PER1010666
PER1006921; PER1006922
PER1006934; PER1010667
PER1006116; PER1006157
PER1006216; PER1006223
PER1006276; PER1006299
PER1006310; PER1006382
PER1010654

PER1006446; PER1006495
PER1006523; PER1006549
PER1006811; PER1006815
PER1006555; PER1006570
PER1006571; PER1006590

1
1

20

41

2.43
2.43

48.78

21.95

4.87

6.98

11.63

100

2,770
3,500

2,600-3,460

2,651-3,391

3,209-3,507

2,600-4,000

3,035-3,895

Figure 1. Regions of origin of the 41 tarwi accessions in Peru and location of the EEA Santa Ana.
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The research was carried out in plots No. 22 and 24 of
EEA Santa Ana over two consecutive growing seasons (2022—
2023 and 2023-2024), located at an average altitude of
3,295m a.s.l. (12°00'16” S, 75°13’16” W). Sowing took place
on clay-loam soils with slightly acidic pH (6.2-6.6), electrical
conductivity ranging from 2.4 to 5.4mS/m, and organic
matter content between 1.5% and 3.09%, under controlled
rigation conditions.

Methodology

Soil preparation and cultivation of plants

Land preparation in both growing seasons involved the
formation of four furrows per plot, each 5m in length. Each
plot was sown with 96 seeds per accession, placing three
seeds per planting site, establishing a spatial arrangement of
0.80m between plants and 1.0m between rows. Two-meter-
wide alleys were left between plots, in which maize (Zea
mays) was planted to prevent cross-pollination, facilitate
evaluations and ensure the genetic representativeness of
each accession.

Regarding cultural or agronomic management, seeds were
disinfected with a 0.5% solution of Vitamax 300 (Carboxin
200g/Kg + Captan 200g/Kg) to prevent disease. Manual
weeding was carried out between 35 and 45 days after
sowing. To ensure plant establishment, four flood irrigations
were applied, and soil moisture was monitored in later stages,
taking advantage of seasonal rainfall from December to May.

Fertilization was applied at two stages: 50% at sowing and
the remaining 50% during hilling. The nutrient ratio used
was 20-80-40 of N, PO, and K,O, ensuring adequate nutrient
supply for optimal crop development. Routine weeding and
irrigation were carried out as needed throughout the season.

A total of 41 plots, each measuring 20m2 and consisting
of four rows, were established and evaluated. During each
growing season, five plants were randomly selected from
the central rows of each plot to minimize edge effects,
individually labelled, and subjected to agromorphological
characterization. The total area allocated to the experiment
was approximately 1,000m? per agricultural season.

Morphological characterization

A total of 30 agromorphological descriptors were
evaluated; of these, 26 were adopted from IBPGR (1981)
as reference, while the remaining 4 were proposed by the
researchers based on local agroecological conditions and the
priorities of the conservation and breeding programme. Of
the 30 descriptors, 17 were qualitative and 13 quantitative.
During flowering, evaluations were conducted when more
than 50% of the plants per accession displayed flowers.
The intensity of flower colour was observed, and a general
qualitative assessment was recorded through observation of
the entire plot. Days to harvest were evaluated as the number
of days from sowing until 50% of the pods per accession
reached physiological maturity and were suitable for harvest.

Qualitative descriptors

Table 2 presents the qualitative descriptors used in the
agromorphological characterization of tarwi throughout
the crop's phenological cycle. Evaluation considered various
plant structures, including morphological characteristics of

the stem, leaves, flowers, inflorescences, pods, and seeds.

Quantitative descriptors

For the agromorphological characterization, ten
quantitative descriptors were used, specifically selected
according to the guidelines established by IBPGR (1981) for
lupins (Table 3), of which three descriptors were proposed
by researchers from EEA Santa Ana. These descriptors made
it possible to evaluate phenotypic variations related to plant
development and morphology, such as yield per plant, yield
per plot, days to harvest, among others, contributing to a
better understanding of the genetic diversity present in the
evaluated material.

Field evaluations

Field observations began during the seedling stage, ten
days after sowing (DAS), once at least 50% of the cotyledons
had emerged in an accession. During the flowering stage (110
to 150 DAS), evaluations were conducted when 50% of the
plants had flowers. Traits recorded included stem thickness,
number of primary branches, number of leaflets per leaf, and
days to reach 50% flowering. For the flowers, the colour and
intensity of the floral bud before opening were assessed, as
well as the colour and intensity of the wings and keel of the
newly opened flower. The colouration of the marginal band,
central spot and intermediate zone of the standard petal was
also described, both in the open flower and before wilting. In
addition, the length of the main inflorescence was measured.

The maturation phase was evaluated when more than
50% of the plants showed mature pods. At this stage, the
colour and intensity during pod formation and maturity
(green stage), presence of pubescence on mature pods,
number of pods on the main axis and per plant, as well as
pod dimensions (length and width) were recorded.

Finally, seed evaluation was conducted after harvest
(210-295 DAS), assessing seed shape, dimensions (length,
width, thickness), brightness, colour and its intensity, weight
of 100 seeds (with moisture content below 12%), and yield
per plant and plot.

Statistical analysis

Statistical analyses were performed using combined data
from two consecutive agricultural seasons (2022-2023 and
2023-2024), processed with R software version 4.3.3 (R Core
Team, 2023). For the quantitative descriptors, a multivariate
approach was applied in four stages. First, descriptive
statistics (mean, range, standard deviation and coefficient
of variation) were calculated to assess phenotypic variability
among accessions. Second, a principal component analysis
(PCA) was conducted using the FactoMineR package (Lé et
al, 2008) and factoextra (Kassambara & Mundt, 2020), to
reduce the dimensionality of the dataset and visualize the
multivariate distribution of the accessions.

Based on the principal components, a hierarchical cluster
analysis (HCA) was carried out using Euclidean distance
and Ward’s method (Everitt et al, 2011), allowing the
identification of homogeneous morphological groups, which
were represented by a dendrogram. A heatmap was then
generated to simultaneously visualize the similarity between
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Table 2. Qualitative morphological traits evaluated in the study, with their respective descriptors and categories according to the scoring
scale. *, Variables proposed by the researchers of EEA Santa Ana.

Acronym Morphological descriptor Categories

PGPE* Pigmentation of petioles 0 Absent, 1 Present
IFBCJBO Intensity of flower bud colour just before opening 1 Very Light*, 3 Light, 5 Medium, 7 Dark, 9 Very dark*
1 White, 2 Yellow, 3 Orange, 4 Pink, 5 Red, 6 Green, 7 Blue, 8 Purple,

FWCJBO Flower wing colour just before opening 9 Brown, 10 Lilac*

CCSSJOF Colour of central spots of standard of just opened 0 Absent central spots, 1 White, 2 Yellow, 3 Orange, 4 Pink, 5 Red, 6
flower Green, 7 Blue, 8 Purple, 9 Brown, 10 Lilac*

IRCSJOF Intermediate region colour of standard of just 0 Absent intermediate region, 1 White, 2 Yellow, 3 Orange, 4 Pink, 5
opened flower Red, 6 Green, 7 Blue, 8 Purple, 9 Brown, 10 Lilac*

IFKCJBO Intensity of flower keel colour just before opening 1 Very light*, 3 Light, 5 Medium, 7 Dark, 9 Very dark*

1 White, 2 Yellow, 3 Orange, 4 Pink, 5 Red, 6 Green, 7 Blue, 8 Purple,

FWCJBW Flower wing colour just before wilting 9 Brown. 10 Lilack

MBCSEJBW Marginal band colour of standard of flower just 0 Absent marginal band, 1 White, 2 Yellow, 3 Orange, 4 Pink, 5 Red, 6
before wilting Green, 7 Blue, 8 Purple, 9 Brown, 10 Lilac*

CCSSEIBW Colour of central spots of standard of flower just 0 Absent central spots, 1 White, 2 Yellow, 3 Orange, 4 Pink, 5 Red, 6
before wilting Green, 7 Blue, 8 Purple, 9 Brown, 10 Lilac*

IRCSFJBW Intermediate region colour of standard of flower 0 Absent intermediate region, 1 White, 2 Yellow, 3 Orange, 4 Pink, 5
just before wilting Red, 6 Green, 7 Blue, 8 Purple, 9 Brown, 10 Lilac*

FKCIBW Flower keel colour just before wilting 1 White, 2 Yell.ow,\LS Orange, 4 Pink, 5 Red, 6 Green, 7 Blue, 8 Purple,

9 Brown, 10 Lilac*

UFP Uniformity of flowering of the plot 0 None, 3 Little, 5 Medium, 7 Very Much

MPP Mature pod pubescence 0 Absent, 3 Slight, 5 Medium, 7 Strong

SSH Seed shape 1 Spherical, 2 Flattened spherical or lenticular, 3 Oval, 4 Flattened

oval, 5 Cuboid, 6 Flattened cuboid
SL Seed luster 1 Mate, 2 Brilliant

1 White, 2 Yellow, 3 Orange, 4 Pink, 5 Red, 6 Green, 7 Blue, 8 Purple,
9 Brown, 10 Lead*, 11 Bayo*, 12 Black*

IPSC Intensity primary seed colour 1 Very Light*, 3 Light, 5 Medium, 7 Dark, 9 Very Dark*

PSC Primary seed colour

Table 3. Quantitative morphological characteristics observed in the study, descriptors and unit of measurement. *, Variables proposed by
the researchers of EEA Santa Ana.

Acronym Morphological descriptor Unit

ST Stem thickness mm

NPB Number of primary branches Number branches per plant
LNS Leaflets number per leaf Number

LI Length of inflorescences cm

NPCA Number of pods per central axis Number per central axis
TNPP Total number of pods per plant Number per plant
PLMS Pod length on the main stem cm

PWMS Pod width on the main stem cm

TSWHS Total seed mass in hundred seeds g

YPLA Yield per plant g

YPLO* Yield per plot kg/ha

STH* Seed thickness mm

DH* Days to harvest days
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accessions and the correlations among variables, facilitating
the exploration of phenotypic variation patterns (Wilkinson
& Friendly, 2009). Finally, Pearson correlation analysis
(Pearson, 1895) was applied to assess associations among
structural, reproductive and productive traits, identifying
significant relationships between key variables.

For the analysis of qualitative descriptors, the most
representative data per plot were considered. A frequency
analysis was conducted, and the Shannon-Weaver diversity
index (H') was incorporated to evaluate the phenotypic
diversity of each trait. The standardized value of H' was
calculated using its corresponding formula:

H = -3, PiIn(P))

The Shannon-Weaver diversity index (H') is a metric that
helps to understand the variety of traits within a group. Its
calculation requires n, the total number of different categories
or traits observed for a specific descriptor, and P, which
represents the relative proportion of individuals exhibiting a
particular trait. The calculation also involves In, the natural
logarithm.

According to Eticha et al (2005), the index values are
interpreted as follows: low diversity (0.10 <= H =< 0.40),
intermediate diversity (0.40 < H < 0.60), and high diversity
(H = 0.60).

Results and discussion

Quantitative variables of the tarwi collection

Descriptive analysis and Shannon-Weaver diversity
index

The descriptive analysis of 13 quantitative variables
revealed notable geneticvariability among the tarwiaccessions
(Table 4), as evidenced by the wide range of observed values.
Yield per plant (YPLA) stood out, with a broad range from 22
to 276g and an average of 40.63 + 2.6g/plant. This variation
suggests a strong genetic component, with at least seven
accessions exceeding 100g/plant, consistent with findings

reported by Mujica et al (2021).

Yield per plot (YPLO) also showed high variability, ranging
from 65.5 to 1697.5kg/ha. Among the reproductive traits,
the total number of pods per plant (TNPP) showed the
greatest dispersion, followed by the number of pods on the
central axis (NPCA) and the number of primary branches
(NPB), reflecting significant structural differences between
accessions. In contrast, pod length (PLMS) and pod width
(PWMS) were more stable, with averages of 9.48cm and
1.59cm, respectively, values that fall within the ranges
reported by Gulisano et al (2019) for tarwi accessions
evaluated under Andean conditions.

Other traits, such as inflorescence length (LI), number of
leaflets per leaf (LNS) and stem thickness (ST), exhibited
moderate variation. The most stable variables were days to
harvest (DH) and seed thickness (STH), suggesting stronger
genetic regulation.

Correlation analysis

Figure 2 illustrates the interrelationships among various
agromorphological traits, highlighting particularly strong
associations. A notable example is the high correlation
observed between the number of primary branches (NPB) and
the number of leaflets per leaf (LNS, r = 0.84), suggesting
that plants with greater branching tend to develop more
abundant foliage. This trait indicates a more vigorous and
well-developed plant architecture, an essential aspect that
previous studies on the diversity and agronomic performance
of tarwi have positively linked to the crop's productive
potential (Gulisano et al, 2022).

Another important finding is that yield per plant (YPLA)
is significantly associated with reproductive traits such as
the total number of pods (TNPE r = 0.47), 100-seed weight
(TSWHS, r = 0.45), and seed thickness (STH, r = 0.45). In
other words, plants that produce more and better seeds tend
to yield more, which is logical and has been confirmed in
other studies on legumes (Saxena, 2018).

Table 4. Descriptive statistics and analysis of 13 quantitative morphological traits of tarwi accessions (Grouped values from 2022-2024).

Acronym Descriptor Min Max Range Mean = SE
DH Days to harvest 211 295 84 259.8 = 2.21
LI Length of inflorescences 13 65 52 36.74 £ 0.41
LNS Leaflets number per leaf 7 10 3 8.42 = 0.04
NPB Number of primary branches 4 27 23 15.4 = 0.21
NPCA Number of pods per central axis 6 34 28 16.3 £ 0.2
PLMS Pod length on the main stem 5.92 12 6.08 9.48 + 0.04
PWMS Pod width on the main stem 1.2 2.2 1 1.59 = 0.01
ST Stem thickness 4.35 11.05 6.7 7.09 = 0.05
STH Seed thickness 3.69 8.31 4.62 5.33 £ 0.03
TNPP Number of pods per plant 10 280 270 68.93 + 1.87
TSWHS Total seed mass in hundred seeds 21.84 39.82 17.98 28.58 + 0.44
YPLA Yield per plant 22 276 254 40.63 = 2.6
YPLO Yield per plot 65.5 1697.5 1652 409.81 + 34.41
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Figure 2. Pearson correlation matrix among the quantitative agromorphological variables evaluated in tarwi accessions. The colour intensity
and size of the circles represent the strength and direction of the correlation: blue for positive correlations and red for negative ones. Only
statistically significant correlations (p < 0.05) are displayed with coloured circles, while non-significant correlations are marked with an

‘X’. Trait abbreviations are as in Table 3.

It was also observed that yield per plot (YPLO) shows a
negative relationship with several individual traits, such
as days to harvest (DH, r = -0.44). Additionally, adverse
factors such as water or heat stress may further exacerbate
these losses by affecting the phenological development of
the plants. In this context, mechanisms such as phenological
escape, the ability of some plants to complete their life cycle
before unfavourable climatic conditions occur, can play a key
adaptive role by indirectly reducing the number of days to
harvest (Blum, 2011).

Principal component analysis (PCA)

The PCA shown in Figure 3 allowed for the synthesis of
the multivariate variability present among the accessions,
facilitating the identification of the most relevant traits in
terms of phenotypic diversity.

In the contribution of variables to PC1 (Figure 3c), the
most influential traits were days to harvest (DH), number
of primary branches (NPB) and inflorescence length (LI),
followed by number of leaflets per leaf (LNS) and seed
thickness (STH). These variables are mainly associated
with morphological and vegetative development aspects,
indicating that PC1 reflects differences in plant growth and
architecture. These traits are critical for adaptation to diverse
agroecological conditions, as documented by Lizarazo et al
(2010) in studies of Lupinus species adapted to temperate
and Andean regions.

Meanwhile, PC2 was strongly influenced by yield-related
variables, such as total number of pods per plant (TNPP),
yield per plot (YPLO), 100-seed weight (TSWHS) and pod
width on the main stem (PWMS). This dimension appears
to group variables directly related to productivity, which
is of great interest for breeding programmes. According to

Chalampuente et al (2023), these traits are highly selectable
and directly related to yield potential under different
agroclimatic conditions. The inclusion of the variables YPLA
(vield per plant) and PLMS (pod length) in this dimension
further reinforces the predictive value of these variables as
complementary indicators of reproductive performance, as
also suggested by Galloni et al (2007) in yield studies of
Mediterranean legumes.

Figure 4 presents a biplot derived from the PCA,
summarizing the multivariate variation of the accessions
based on the first two principal components (PC1 and PC2),
which together explain 47.3% of the total variability (25.5%
and 21.8%, respectively). This representation allows for the
simultaneous visualization of the relative distribution of
accessions and the influence of quantitative variables on that
distribution (Jollife & Cadima, 2016).

The analysis reveals three well-defined patterns, each with
distinct phenotypic and agronomic characteristics. The first
pattern, located mainly in quadrant III (negative values on
both dimensions), includes accessions such as PER1006570,
PER1006571, PER1006006, and PER1006833, which are
associated with low values for most variables, especially those
with high factor loadings such as DH (days to harvest), NPB
(number of primary branches) and LI (inflorescence length).

The second pattern, found in quadrant I (positive PC1
and positive PC2), groups accessions such as PER1010662,
PER1010659, PER1010664, PER1010671, PER1010656,
PER1006934 and PER1010661. These are associated with
variables strongly loaded on PC1, such as DH, NPB, LI and
STH (seed thickness), indicating a prominent morpho-
structural profile and relevant agronomic potential, especially
in contexts where these traits provide adaptive or productive
advantages (Mohammadi & Prasanna, 2003).

The third pattern, in quadrant II (negative PC1 and
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Figure 3. (a) Proportion of variance (%) of top ten principal components (PCs) , (b) eigenvalues of top 10 PCs, (c) contribution of variables
to PC1 (%), and (d) contribution of variables to PC2 (%) derived from principal component analysis (PCA). Red dashed lines across bar

plots are the reference lines, and the variable bars above the reference lines are considered important in contributing to the respected PCs.
Trait abbreviations are as in Table 3.

Figure 4. Principal component analysis (PCA) biplot of quantitative traits, illustrating the relative distribution of accessions (black dots)
and the contribution of each trait (coloured vectors) to the first two principal components: Dim1 (25.5%) and Dim2 (21.8%), which
together explain 47.3% of the total variation. The direction and length of each vector indicate the strength and influence of that trait in
shaping the multivariate space, while the colour gradient from blue (low contribution) to red (high contribution) represents the relative
importance of each variable in the PCA. Trait abbreviations are as in Table 3.
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positive PC2), includes accessions such as PER1006495,
PER1006523, PER1006310, PER1006216 and PER1006299,
which are related to yield-related variables such as YPLO
(yvield per plot), TNPP (total number of pods per plant),
TSWHS (100-seed weight) and PWMS (pod width). This
profile suggests high productive potential, valuable for yield-
oriented selection programmes (Bustos-Korts et al 2019)

Variables such as TSWHS, TNPP LI, NPB, DH and YPLO
stand out for their strong contribution to the total variability,
positioning them as key factors in structuring the multivariate
space. Moreover, the proximity and shared direction of
vectors such as PLMS (pod length) and YPLA (yield per
plant) suggest collinearity, possibly indicative of functional
relationships or redundance.

Cluster dendrogram of hierarchical clustering

Figure 5 presents a dendrogram generated through
hierarchical cluster analysis (HCA) using Euclidean distance
and the complete linkage method, from which three
phenotypically distinct clusters were identified. The first
group (green) comprises the majority of the accessions,
which show smaller hierarchical distances among themselves,
suggesting high phenotypic similarity and possibly lower
genetic divergence.

The second group (blue) includes accessions such as
PER1006157, PER1006570, and PER1006590, which are
characterized by a distinct configuration, possibly influenced
by extreme values in certain agronomic variables.

The third group (red) comprises accessions such as
PER1006495, PER1006523 and PER1006310, which show

greater hierarchical distance from the other groups, indicating
significant divergence in the evaluated traits. This clustering
pattern supports the structure observed in PCA, reinforcing
the existence of subgroups with distinct agronomic profiles.
The combined use of PCA and dendrogram analysis has
been widely validated in genetic diversity and germplasm
characterization studies of various agricultural species, such
as common bean (Ozkan et al, 2022), garlic (Pasupula et
al, 2024) and rice (Nascimento et al, 2011), proving useful
for optimizing parent selection in breeding programmes.
Moreover, this hierarchical organization provides a basis
for both in situ and ex situ conservation planning and the
identification of promising genotypes for breeding, as
highlighted in quinoa studies by Delgado et al (2024).

Heat map clustering

Figure 6 presents a hierarchical clustering analysis
classifying the 41 accessions into three main clusters based
on standardized trait values. Cluster 1 (blue bar) comprises
accessions such as PER1006934, PER1006862, PER1006722
and PER1010664, characterized by intermediate to high
values across structural and yield-related traits. Cluster 2
(pink bar) shows greater phenotypic heterogeneity, with
elevated DH and PLMS, while Cluster 3 includes accessions
PER1006310, PER1006495, PER1006299 and PER1006523,
distinguished by high TNPP and TSWHS.

The heatmap reveals cluster-dependent trait associations.
While some accessions show coordinated high expression of
TNPE YPLA and YPLO, consistent with productivity models
in grain legumes (Clements & Cowling, 1994), this pattern is

Figure 5. Dendrogram derived from Hierarchical Cluster Analysis of tarwi accessions, based on Euclidean distance and the complete
linkage method. The analysis reveals three main clusters, represented by green, blue, and red branches. Each group reflects varying levels
of phenotypic similarity, with shorter branch lengths indicating greater similarity among accessions.
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not universal. Several genotypes exhibit high TNPP without
proportionally elevated yield, indicating that pod number
alone does not determine productivity. This decoupling likely
reflects compensatory effects related to seed weight, pod fill
efficiency, or seed abortion rates.

Morphological traits (LI, LNS) exhibit independent patterns
from yield variables, suggesting that vegetative vigour and
reproductive output are not strongly linked in this germplasm,
consistent with observations in other legumes (Mousavi-
Derazmahalleh et al, 2018). DH displays considerable
variation with no clear association with productivity traits.
Notably, several early-maturing accessions demonstrate
competitive yields, indicating that earliness and productivity
are not mutually exclusive, with important implications for
breeding programmes in high-Andean regions with short
growing seasons (Tohme et al, 1995)

Figure 6 complements the global correlation analysis
(Figure 2) by revealing cluster-specific trait relationships,
providing valuable insights for targeted germplasm selection
based on specific breeding objectives.

Group description

The  comparison among the three clusters
(Table 5) reveals clearly differentiated phenotypic
profiles among the evaluated tarwi accessions.
Cluster 2 includes the most productive accessions, with
high values for yield per plant (78.73g), yield per plot
(746.4kg/ha), and number of pods per plant (82.01),
positioning them as promising candidates for yield-oriented
breeding programmes. Similar clustering approaches have
been successfully applied in other crops, such as cucumber
(Cucumis sativus), to identify high-yielding genotypes
(Serhiienko et al, 2023).

Cluster 3, in contrast, includes accessions with enhanced
vegetative growth, characterized by a longer crop cycle
(269.68 days), taller plants, and a greater number of
branches and pods. Although their yields are moderate, these
traits offer advantages in sustainable agricultural systems,
especially in the Andean highlands, where long-cycle crops
help maintain soil cover, increase organic matter inputs, and

Figure 6. Heatmap with hierarchical clustering of tarwi accessions based on quantitative traits. The dendrogram classifies 41 accessions
into three main clusters (coloured bars: blue, Cluster 1; pink, Cluster 2; green, Cluster 3). The heatmap displays standardized values
(z-scores) of 14 morphological and agronomic variables. The colour scale ranges from blue (low values) through green (intermediate) to

red (high values), revealing cluster-specific trait associations.
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promote biological nitrogen fixation. These features make
them particularly valuable in crop rotation schemes or in
degraded soils (Jacobsen & Mujica, 2006).These accessions
exhibit a more robust plant architecture, characterized by
tall stature, greater number of primary branches, and an
extended vegetative period, consistent with findings reported
by Camarena (2012).

Cluster 1 includes early maturing accessions (243.58 days)
with smaller plant size and lower yield. Nonetheless, these
accessions could be strategically important in environments
affected by abiotic stress, functioning as escape-type varieties
that complete their life cycle before the onset of critical stress
periods, a strategy also observed in cereals such as wheat and
barley (Tambussi, 2006).

Altogether, these results highlight the functional diversity
of the studied materials and provide valuable information for
selecting accessions according to different production goals.

Regarding the comparison of the three clusters using
analysis of variance, we found that the majority of
morphological descriptors exhibited clear differences among
groups. Of the 13 traits evaluated, eleven were statistically
different among clusters, while only two remained relatively
uniform. This suggests that the three groups represent
truly morphologically distinct entities, each with its own
characteristic profile.

The most determinant descriptors, such as NPB, exhibited
the most pronounced differences among groups, with a
progressive and consistent increase: Cluster 1 with 10.63,
Cluster 2 with 12.97, and Cluster 3 with 17.51 (p < 0.001).
This pattern demonstrates clear differentiation in plant
architecture, possibly reflecting distinct adaptation strategies.

Descriptor DH also clearly differentiated the groups.
Plants in Cluster 3 required significantly more time to reach
maturity, approximately 270 days, compared to Clusters 1
and 2, which reached maturity in 243-245 days (p < 0.001).
LI exhibited a similar pattern, progressively increasing from
Cluster 1 (32.17) to Cluster 3 (38.81), indicating changes in
foliar morphology (p < 0.001).

In terms of yield components, TSWHS was higher in
Cluster 2 (30.87) compared to the other groups (p < 0.001),
suggesting superior reproductive quality in this cluster. YPLO
showed greater variability, with Cluster 2 being significantly
superior (746.4) to Clusters 1 and 3 (p < 0.001). YPLA also
differentiated the groups, with Cluster 2 showing considerably
higher values (p < 0.001).

Interestingly, NPCA and ST showed no significant
variation among clusters (p > 0.05), indicating that these
traits remain relatively stable in the population regardless
of cluster assignment, suggesting that these characteristics
are less influenced by the factors that determine cluster
differentiation.

Table 5. Cluster means and ANOVA for different descriptors. Cluster means based on the grouping generated in Figure 5. ***, p < 0.001;
** p < 0.01; *, p < 0.05; ns, not significant. DH, days to harvest; LI, inflorescence length; LNS, number of leaflets per leaf; NPB, number
of primary branches; NPCA, number of pods on the central axis; PLMS, pod length; PWMS, pod width; ST, stem thickness; STH, seed
thickness; TNPE total number of pods per plant; TSWHS, total seed mass in hundred seeds; YPLA, yield per plant; YPLO, yield per plot.

Descriptor Cluster 1 Cluster 2 Cluster 3 F-value p-value Significance
(n=6) (n = 10) (n = 25)
DH 243.58 = 12.38 244.85 = 7.97 269.68 = 5.65 46.594  0.0000 ok
LI 32.17 = 2.53 34.35 = 3.47 38.81 = 2.21 27.631 0.0000 ok
LNS 8.22 = 0.29 8.14 = 0.22 8.58 £ 0.32 3.333 0.0463
NPB 10.63 = 1.26 12.97 = 1.24 17.51 = 1.88 66.852  0.0000
NPCA 1591 + 1.44 16.65 = 2.16 16.18 = 1.6 0.823 0.4464 ns
PLMS 9.18 = 0.7 9.55 = 0.53 9.52 = 0.35 4.246 0.0216 *
PWMS 1.49 = 0.05 1.65 = 0.11 1.59 = 0.06 5.181 0.0102 *
ST 6.68 = 0.59 7.28 = 0.4 7.12 = 0.47 1.924 0.1598 ns
STH 5.07 £ 0.29 5.18 £ 0.32 5.45 = 0.23 3.420 0.0430 *
TNPP 57.08 = 21.8 82.01 = 13.89 65.95 = 14.4 7.777 0.0014 xx
TSWHS 24.66 + 1.83 30.87 = 2.19 28.6 = 1.85 22.310  0.0000 wHE
YPLA 36.02 = 19.52 78.73 = 28.99 59.3 = 33.35 11.150  0.0001 o
YPLO 334.83 *+ 222.45 746.4 = 175.05  325.97 = 154.76  23.747  0.0000 o
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Qualitative variables of the tarwi collection

Phenotypic characteristics of flowers and seeds of
representative accessions grouped by clusters

Figure 7 illustrates the relationship between the evaluated
phenotypic traits, highlighting that Cluster 1 was composed
exclusively of accessions with white seeds and blue flowers.
Among these, the most representative were PER1006833 and
PER1006006, indicating high uniformity in these descriptors.

Similarly, Cluster 2 comprised only accessions with white
seeds. However, although most (n = 9) had blue flowers, one
particular accession (PER1006310) exhibited pink flowers,
revealing a slight variation in this floral trait.

In contrast, Cluster 3 was characterized by greater
variability in seed colour, including accessions with white,
black, brown, and dark-toned seeds. Of the 25 accessions in
this cluster, 8 showed seed colours other than white, while 17
retained the white colour. Despite this seed colour diversity,
all accessions in Cluster 3 shared the same flower colour, blue.

Frequency analysis and Shannon index
The qualitative traits of tarwi are presented in Table 6, where

14 descriptors were evaluated. Three traits (SL, CCSSJOF and
IRCSJOF) were excluded due to being monomorphic and not

contributing to morphological variability. The results included
the conversion of phenotypic classes and their estimated
diversity using the Shannon index (H'), revealing significant
variability among the analyzed traits, particularly in flower
colour, pubescence of mature pods, and seed shape.

For petiole pigmentation (PGPE), 92.68% of the accessions
showed pigment presence. Regarding the intensity of the
flower bud colour before opening (IFBCJBO), the ‘medium’
class was predominant (51.22%), followed by ‘dark’ (21.95%),
‘light’ (14.63%), and ‘very dark’ (12.20%). This distribution
corresponds to the colour of the flower wing before opening
(FWCJBO), which was blue in 97.56% of the accessions and
pink in only one (2.44%).

The flower keel before opening (IFKCJBO) predominantly
exhibited pale tones, with 70.73% of the ‘very light’ category.
Upon wilting, the colour of the flower wing (FWCJBW), the
marginal band of the standard petal (MBCSFJBW), and the
flower keel (FKCJBW) remained blue or purple in almost all
accessions, while the colour of the central spot of the standard
(CCSSFJBW) was more diverse: purple (82.93%), lilac
(14.63%) and white (2.44%).

The colour of the intermediate region of the standard
petal after wilting (IRCSFJBW) was mostly orange (56.10%),
followed by brown (39.02%) and yellow (4.88%). Flowering
uniformity (UFP) was high, with 68.29% of accessions

Figure 7. Variability of the accessions according to cluster grouping. (A) Dissected flower before wilting; (B) central inflorescence in the field;
(C) dissected flower after wilting; (D) seed variability present in the groups.
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classified as ‘very uniform’.

Regarding pubescence in mature pods (MPP), moderate
pubescence was most frequent (68.29%), while the rest
showed either light (12.20%) or strong pubescence (19.51%).
Seed shape (SSH) was mostly oval (92.68%), with some
lenticular or flattened oval variants. The primary seed
colour (PSC) was predominantly white (80.49%), while the
remaining accessions exhibited black (14.63%) and brown
(4.88%) seeds. For seed colour intensity (IPSC), the ‘medium’
class predominated (80.49%).

H' was used to quantify phenotypic variability in the
descriptors. High diversity (H' > 0.60) was observed in
variables such as IFBCJBO, IRCSFJBW, MPE IFKCJBO, UFP
and PSC, indicating good potential for genetic improvement
programmes. Intermediate diversity (0.40 < H' < 0.60) was
found in CCSSFJBW and IPSC, while low diversity (0.10 <
H' < 0.40) was recorded in SSH, PGPE and several floral
descriptors (FWCJBO, FWCJBW, MBCSFJBW, FKCJBW),
suggesting uniformity in these traits similar to the findings of
Azam et al (2024) in pea genotypes.

Table 6. Descriptor states, and frequency of qualitative traits, Shannon Weaver diversity index (H'), descriptor states and frequency of
qualitative traits. *, A total of 14 descriptors were evaluated, as three were excluded for being monomorphic and not contributing to genetic

variability.
Traits Morphological descriptor Rank Phenotypic class Frequency H’
PGPE Pigmentation of petioles 0 Absent 3
0.2618
1 Present 38
IFBCJBO Intensity of flower bud colour just before 3 Light 6
opening 5 Medium 21
7 Dark 1.2134
9 Very dark
FWCJBO Flower wing colour just before opening 4 Pink 1 0.1147
7 Blue 40
IFKCJBO Intensity of flower keel colour just before 1 Very light 29
opening 3 Light 4 0.7908
5 Medium 8
FWCJBW Flower wing colour just before wilting 4 Pink 1 0.1147
7 Blue 40
MBCSFJBW  Marginal band colour of standard of flower 4 Pink 1
just before wilting 7 Blue 40 0.1147
CCSSFJBW Colour of central spots of standard of 1 White 1
flower just before wilting 8 Purple 34 0.5271
10 Lilac
IRCSFJBW Intermediate region colour of standard of 2 Yellow
flower just before wilting 3 Orange 23 0.8388
9 Brown 16
FKCJBW Flower keel colour just before wilting 1 White 1 01147
8 Purple 40
UFP Uniformity of flowering of the plot 5 Medium 13
7 Very much 28 06246
MPP Mature pod pubescence 3 Slight 5
5 Medium 28 0.8359
7 Strong 8
SSH Seed shape 9 FlatFened spherical or 9
lenticular
3 Oval 38 0.3083
4 Flattened oval 1
PSC Primary seed colour 1 White 33 0.6033
9 Brown
12 Black
IPSC Intensity primary seed colour 5 Medium 33 0.4936

Very dark 8
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Conclusions

Based on the exploratory analysis, notable
agromorphological diversity was identified, expressed in
both vegetative and productive traits. Potential associations
were observed between structural and reproductive variables
such as number of branches, number of pods, seed thickness,
and yield per plant, which may be relevant for the selection
of superior materials. In particular, the negative correlation
between days to harvest and yield per plot in some accessions
opens the possibility of identifying early maturing accessions
with good performance, which would be favorable in
scenarios of climatic risk or shorter cropping seasons.

The qualitative analysis also revealed appreciable diversity
in floral colours, seed shapes, and degrees of pod pubescence
traits that, beyond their genetic value, could influence the
cultural and commercial acceptance of the crop in different
regions. Furthermore, the accessions were grouped into
three distinct phenotypic clusters: one with high productive
potential, another with predominance of vegetative
characteristics, and a third composed of short-cycle materials
with intermediate yield.

In this sense, the preliminary results of this study suggest
that tarwi represents a valuable resource to guide future
conservation strategies, identification of promising accessions,
and the development of genetic improvement programmes.
While the phenotypic groupings identified are promising, it is
still necessary to expand the number of evaluated accessions
and carry out complementary analyses to validate and
consolidate the observed patterns. Within this framework,
this study lays the foundation for more robust research efforts
that will contribute to strengthening recommendations
for the selection and utilization of materials with desirable
agronomic profiles across diverse agroecological contexts.
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