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Introduction: The ex situ conservation and characterization of native Theobroma
cacao L. genetic resources are critical for sustainable cacao production and breeding
programs in the face of climate change and escalating disease pressures. This study
aimed to establish and characterize a novel germplasm bank from the Loreto region
of the Peruvian Amazon, a key center of cacao diversity.

Methods: We collected 140 native cacao accessions across 15 river basins in
eight provinces of the Loreto region. Accessions were propagated using
optimized grafting techniques with IMC 67 rootstock. Phenotypic evaluation
was conducted on 402 plants using 36 standardized descriptors (25 quantitative
and 11 qualitative). Data analysis included multivariate analysis using Uniform
Manifold Approximation and Projection (UMAP) and Shannon-Weaver diversity
indices to assess morphological diversity patterns.

Results: Grafting achieved 100% survival rate, establishing a comprehensive
germplasm bank. Phenotypic characterization revealed exceptional
morphological diversity, with quantitative traits exhibiting substantial variation,
particularly in fruit characteristics (CV = 15.82-50.82%) and pod index (CV =
144.82%). Multivariate analysis identified five distinct phenotypic groups, with
reproductive traits showing stronger differentiation than vegetative traits.
Shannon-Weaver diversity indices highlighted high overall phenotypic diversity
(H' = 0.7), with seed longitudinal shape and fruit apex form displaying the highest
trait-specific diversity (H' > 1.0).
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Conclusion: This comprehensive characterization establishes a foundation for
future multiomics studies and advanced breeding strategies. The documented
diversity offers opportunities to leverage CRISPR-Cas-based editing and omics
technologies to develop climate-resilient, high-yielding cacao varieties with
superior quality traits, contributing significantly to global cacao conservation
and improvement programs.
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seed bank

1 Introduction

As a cornerstone of global agriculture and rural economies,
Theobroma cacao L. underpins both commercial chocolate
production and the livelihoods of millions of smallholder farmers.
Originally domesticated in the Upper Amazon approximately 5,300
years ago, cacao is now cultivated in over 50 countries across Central
and South America, Africa, and Asia. West Africa accounts for
approximately 70% of the global production (Motamayor et al,
2002; Clement et al., 2010; Diaz-Valderrama et al., 2020). The
economic importance of this crop is particularly evident in the
chocolate industry’s global market value. This reached USD 136.0
billion in 2020 and is projected to grow to USD 192.12 billion by 2028
(Zion Market Research, 2025). Beyond its commercial significance,
cacao cultivation supports approximately six million smallholder
farmers (Diaz-Valderrama et al., 2020). It simultaneously
contributes to environmental sustainability through diverse
agroforestry systems. These systems enhance biodiversity and
promote ecological balance (Kristanto et al., 2024).

Despite its economic and ecological importance, contemporary
cacao cultivation is facing unprecedented challenges that threaten
both production stability and genetic diversity. Climate change
projections indicate significant shifts in suitable growing regions,
whereas emerging diseases and pests pose increasing threats to
production (Ceccarelli et al., 2024; Moran et al, 2024). These
challenges are particularly concerning, given that over 96% of
global cocoa production depends on smallholder farmers,
predominantly in West Africa, whose livelihoods are increasingly
vulnerable to these threats (Aikpokpodion et al., 2009).
Furthermore, the genetic diversity present in wild populations
remains inadequately represented in cultivation areas, primarily
due to the ‘founder effect’ during domestication (Aikpokpodion,
2010), limiting genetic basis for adaptation to emerging challenges.

Conservation and characterization of cacao genetic resources
have emerged as critical priorities for addressing these challenges.
Ex-situ germplasm banks serve as essential repositories of genetic
diversity and sources of traits to address emerging challenges
through breeding programs (Iwaro et al., 2003; Bekele et al., 2021;
Ceccarelli et al., 2022). Within these conservation efforts,
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morphological characterization continues to play a fundamental
role in germplasm evaluation, particularly for highly heritable traits
that directly influence yield and quality (Bidot Martinez et al,
2015b; Bekele et al., 2019; Oliva-Cruz et al., 2021; Kongor et al.,
2024; Moundanga et al., 2024). The significance of morphological
traits in differentiating cacao populations and elucidating genetic
relationships has been extensively documented since Engels’
foundational work (Engels, 1986), which has been further
validated through modern methodologies that integrate
morphological and molecular characterization (Crouzillat et al,
1996; Georges et al., 2023; Nieves-Orduiia et al., 2024).

The Amazon Basin, as the evolutionary cradle of T. cacao L., has
exceptional genetic diversity that remains largely untapped for crop
improvement (Zhang and Motilal, 2016a). This vast region contains
numerous wild cacao populations distributed along intricate river
systems that exhibit remarkable morphological and genetic variation
(Motamayor et al,, 2008). Recent genomic analyses have revealed a
deep evolutionary history, with the five major cacao genetic clusters
diverging during the early to middle Pleistocene, approximately 1.83 to
0.69 million years ago (Nousias et al., 2024). This extended period of
evolution has generated unique allelic combinations in indigenous
Amazonian cacao populations, potentially conferring enhanced
climate resilience and disease resistance traits that are crucial for
modern breeding programs (Zhang et al, 2006; Nieves-Orduna
et al, 2023). Within this evolutionarily significant landscape, the
Loreto region in the Peruvian Amazon stands out as a significant
center of cacao diversity, harboring unique genetic resources that
remained largely unexplored for systematic conservation and
breeding programs.

To address this critical gap in Amazonian cacao conservation, we
established the first comprehensive native cacao germplasm bank in
the Loreto Region of the Peruvian Amazon in 2017. Our research had
four primary objectives: (1) to develop an ex situ conservation system
for native cacao genetic resources from this key center of diversity; (2)
to systematically document the morphological diversity through a
comprehensive set of standardized descriptors across vegetative,
floral, and reproductive traits; (3) to identify phenotypically distinct
groups and characterize their spatial distribution across the region;
and (4) to establish the baseline data necessary for future breeding
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programs targeting climate resilience and disease resistance. This
integration of ex situ conservation with systematic phenotypic
evaluation positions this germplasm bank as a vital resource for
developing climate-resilient cacao varieties to address future
production challenges while preserving the unique genetic heritage
of Amazonian cacao.

2 Materials and methods
2.1 Germplasm bank development

2.1.1 Germplasm bank site preparation

The germplasm bank was strategically established at the
Experimental Field “El Dorado” of the Instituto Nacional de
Innovacion Agraria (INIA), which is characterized by highly
weathered Amazonian soils and a humid tropical climate. El
Dorado is located at kilometer 25% of the Iquitos-Nauta Highway
(03°57°01” S, 73°24’59” W, 115 m.a.s.l.), San Juan Bautista District,
Peru (Supplementary Figure S1). The site is characterized by
challenging edaphic conditions. Soil analysis at 0-40 cm depth
revealed a clayey texture (42.64% clay, 32.80% sand, and 24.56%
silt) with a 1.28 g/cm?® bulk density. This soil analysis was conducted
prior to establishment to characterize baseline edaphic conditions,
though subsequent systematic soil analyses were not included in the
methodology. The soil is extremely acidic (pH 4.39) with poor fertility,
characterized by low organic matter content (1.67%), low nitrogen
(0.08%), and limited available phosphorus (3.81 g/kg). The
exchangeable bases showed low values for calcium (1.77 Cmol*/L),
magnesium (0.15 Cmol /L), and potassium (0.04 Cmol*/L), with total
exchangeable bases of 1.96 Cmol'/L. The soil presented high
aluminum saturation (78.08%) and low electrical conductivity (0.03
mmbhos/cm), indicating negligible salinity effects. These soil conditions
are typical of the highly weathered Amazonian soils. The local climate
is classified as humid tropical, with relative humidity exceeding 80%, a
mean annual temperature of 26°C, and annual rainfall between 2,500-
3,000 mm. While basic climate data was recorded during the study
period based on the nearest weather station, systematic on-site
environmental monitoring was not part of the study design.

During its early development stages, a temporary nursery (220 m?)
was established in January 2016 to produce the shade species required
by cacao, a semi-umbrophytic species. Two shade species were
established from January to August 2016: banana (Musa X
paradisiaca L.) at 3 m x 3 m spacing and ice cream bean (Inga
edulis Mart.) at 12 x 12 m intervals (Supplementary Figure S2).
Planting holes measuring 0.25 m (length) x 0.25 m (width) x 0.25 m
(depth) were prepared with basal fertilization consisting of 200 g rock
phosphate and 2 kg poultry manure.

2.1.2 Rootstock development

Rootstocks were developed from August to December 2016
using the IMC 67 (Iquitos Mixed Calabacillo) cacao clone, a native
cultivar from the Loreto region, selected for its superior agronomic
characteristics. This genotype exhibited resistance to major fungal
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diseases (moniliasis, brown rot, and witches’ broom) and tolerance
to flooding conditions. This demonstrates early flowering with
high-quality fruit production and efficient pollen donation capacity.

The growing substrate was prepared following an established
protocol (N'zi et al., 2023) by thoroughly mixing agricultural soil
(2:1:1 ratio), wood organic matter, and poultry manure. This
mixture was used to fill black polyethylene bags (15 x 30 cm). To
induce germination of cocoa seeds from IMC 67, they were soaked
for 24 h, sheltered for 24 h, and germinated at 48 h when the radicle
appeared. Germinated cocoa beans were individually planted in the
prepared substrate, and the plants were protected in a shade house
using a plastic sunshade mesh (Raschel®) under 80% shading
(Supplementary Figure S3). For phytosanitary control, the organic
insecticide rotebiol (rotenone) was applied at a dose of 0.2%, adding
foliar nutrient and 0.2% and agricultural adherent at 0.05%. Manual
weeding was performed every two weeks to eliminate competing
vegetation and optimize seedling development.

After five months of growth, rootstock candidates were carefully
selected based on uniform morphological characteristics, including
stem diameter (8.77 + 0.88 mm), plant height (78.74 + 4.22 cm), and
leaf number (25.28 + 1.97), ensuring standardization for the
subsequent grafting process. These rootstocks were transplanted
into the definitive field in January 2017 and arranged in a
systematic grid pattern with 3 x 3 m spacing to ensure optimal
growth conditions.

2.1.3 Plant material collection

Native cacao scions were collected between February and August
2017 from 140 locations distributed across eight provinces of the
Loreto region of Peru (Figure 1). The collection sites were strategically
selected based on three criteria: (1) preliminary ethnobotanical
surveys identifying areas with traditional cacao cultivation,
(2) reported morphological distinctiveness by local farmers, and
(3) maximizing geographic representation across the region’s river
basins. This approach aimed to capture the greatest possible range of
phenotypic diversity while ensuring comprehensive spatial coverage
of the Loreto region (Supplementary Table S1). The study region is
situated in the lowland Amazon basin, characterized by
predominantly flat terrain interspersed with gentle hills, with
elevations ranging from 70 m to 220 m above sea level. The soils
are primarily of fluvial origin, exhibiting a clayey texture and marked
acidity, with notably low fertility in older geological formations. The
climate is classified as tropical humid, with minimal seasonal
temperature variation (mean 27°C; range 20-33°C), substantial
annual precipitation (2,500-3,000 mm), and consistently high
relative humidity (87-90%) throughout the year (Dourojeanni, 2021).

Field collection was conducted by a trained team of technicians
who accessed the cacao trees using climbing techniques when
necessary to reach the optimal scion material. Five different cacao
plants were sampled at each collection site. Ten healthy scions from
each plant were collected, specifically from the middle third of the
canopy, to ensure uniformity in physiological maturity. The
selected scions were approximately 30 cm in length and 1 cm in
diameter, displaying a dark brown coloration indicating proper
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FIGURE 1

Geographic distribution of native Theobroma cacao L. collection sites in the Loreto region, Peru. Left panels: Location of Peru in South America
(top) and the Loreto region within Peru (bottom). Main panel: Map showing the distribution of 140 sampling sites (red dots) across the eight
provinces of Loreto, with principal river networks (blue lines) and provincial boundaries. Samples were collected between February and August 2017,
spanning elevations from 70 to 220 m above sea level. Scale bar represents distance in kilometers.

lignification, bearing 14-16 mature leaves, and having 2-4 viable
dormant buds. Only materials free from visible disease symptoms,
pest damage, mechanical injuries, and with appropriate
physiological maturity (as evidenced by leaf texture, stem
hardiness, and tissue turgidity) were harvested using sterilized
pruning clippers. Immediately after collection, individual scions
were wrapped in moistened newspapers to prevent desiccation and
labeled with their collection codes and source plant identifiers. The
bundled materials were then placed in portable coolers to maintain
the optimal temperature and humidity and protect them from light
during transportation (Supplementary Figure S4). This storage
method preserves scion viability during collection expeditions,
which sometimes extends to several days in remote areas.

2.1.4 Grafting and germplasm bank establishment

Grafting procedures followed established protocols (Munjuga
et al,, 2013). Selected scions were sectioned into 2-4 pieces (15 cm
length), ensuring that each segment contained 2-4 healthy, viable
buds. Two grafting techniques were used: top-cleft grafting and side
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grafting. Top-cleft grafting consisted of making a clean transverse
cut across the rootstock using sterilized pruning shears, creating a
3-4 cm vertical slit in the center of the rootstock, beveling the scion
base into a wedge shape, inserting it into the prepared slit to ensure
cambial alignment, and securing the graft union with transparent
plastic film to maintain humidity and promote healing. For side
grafting, the process involved making a 3-4 cm downward-slanting
cut on the side of the rootstock, creating a small flap by making a
second cut at the base of the first cut, preparing the scion with a
matching slanted cut, inserting it under the flap to ensure cambial
alignment, and securing the graft union with transparent plastic
film to maintain humidity and promote healing (Supplementary
Figure S5). Graft unions were monitored weekly, and success rates
were evaluated three weeks post-grafting. Both grafting techniques,
top-cleft and side grafting, demonstrated exceptional efficiency,
with 100% successful establishment for all 700 grafting attempts.
Weekly monitoring revealed that by the third week post-grafting, all
unions displayed successful integration as evidenced by bud
sprouting and subsequent shoot development. This uniformly
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high success rate across both methods provides strong validation of
the grafting protocols employed and demonstrates the excellent
compatibility between the IMC 67 rootstock and the diverse native
scions collected from the Loreto region.

The grafting phase occurred between February and August
2017, and the germplasm bank was established in September 2017
at the Experimental Field “El Dorado”. The collection encompasses
10,000 m> and houses 140 unique accessions, with five different
plants per accession, totaling 700 plants (Supplementary Figures S1,
S5). Plants were distributed in a systematic grid pattern with 3 x 3 m
spacing to optimize growth conditions and facilitate maintenance
operations. Three years after the establishment of the germplasm
bank, temporary shade species were removed as a preventive
phytosanitary measure to reduce humidity and mitigate the risk
of fungal pathogens that could compromise fruit development.

Follow-up soil analyses conducted 24 months after germ plasm
bank establishment showed modest improvements in soil
properties, with organic matter increasing to 2.35%, available
phosphorus to 5.62 g/kg, and a slight decrease in aluminum
saturation to 70.45%, demonstrating partial amelioration of the
challenging edaphic conditions through the implemented
management practices.

2.2 Phenotypic characterization

Phenotypic evaluation was conducted from April 2018 to
December 2021, beginning with accessions 027 and 051-14
months after grafting. The characterization included 402 plants,
comprising of three representatives from 134 accessions. Six
accessions were excluded due to the absence of flowering and
fruiting during the evaluation period. The assessment employed
36 standardized descriptors (25 quantitative and 11 qualitative) that
are widely accepted in cacao research (Bekele et al., 2019;
Gopaulchan et al,, 2019), ensuring data compatibility and
reliability across different germplasm studies.

The evaluated descriptors encompassed four main organs: the
leaves, flowers, fruits, and seeds. The leaf measurements included
length, width, and petiole length (Supplementary Tables S1, S2).
Floral characteristics were assessed using 10 quantitative parameters
(pedicel length, sepal dimensions, petal dimensions, filament length,
staminode length, style length, and ovary measurements) and two
qualitative traits (presence of anthocyanin in filaments and sepals).
Fruit characterization involved both quantitative (weight, length,
diameter, pericarp weight, pericarp thickness, and furrow depth)
and qualitative (ripe fruit color, unripe fruit color, shape, apex form,
basal constriction, and rugosity) parameters. Seed traits were
evaluated using seven quantitative measures (number, fresh and
dried weights, length, width, and thickness) and two qualitative
descriptors (transversal and longitudinal shape).

All measurements were performed according to standardized
protocols (Engels, 1983; Bekele and Bekele, 1996; Bekele et al., 2019) to
minimize measurement errors and ensure data consistency, facilitating
comparative analyses with other cacao germplasm collections.
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2.3 Statistical analysis of phenotypic data

2.3.1 Data processing, basic statistical analysis
and distance computation

The analytical process began with the systematic data
preprocessing of the phenotypic dataset. Raw data were initially
imported using the Pandas library from a specified sheet in the
Excel workbook. Column names were standardized by stripping any
leading or trailing whitespace to ensure consistency for subsequent
processing, followed by a thorough quality assessment to identify
missing values and potential inconsistencies. Missing values were
systematically addressed using a forward-fill method to maintain data
integrity while minimizing information loss. Following data cleaning,
a comprehensive exploratory data analysis was conducted to assess
data quality and examine the distribution patterns of all variables
(Supplementary Table S3). Basic descriptive statistical analysis
(Supplementary Table S4, Supplementary Figure S6) and Rho
Spearman correlation analysis (Supplementary Table S5) of
quantitative phenotypic descriptors. Given the mixed nature of the
phenotypic descriptors (both quantitative and qualitative), the Gower
distance metric was employed to compute dissimilarity between
samples (Supplementary Table S6). This metric is well suited for
datasets with mixed data types and was calculated using the Gower
package. The resulting distance matrix provided a framework for
downstream analysis. The Mantel test was also performed,
considering the Gower distance matrix and geographic distances.

2.3.2 Multivariate analysis and clustering

Following Gower distance matrix computation, dimensionality
reduction was performed using Uniform Manifold Approximation
and Projection (UMAP). UMAP was configured to reduce the data
to three dimensions, facilitating the creation of interactive 3D
visualizations. Notably, the precomputed Gower distance matrix
was used as the metric to ensure that the mixed data types were
appropriately considered (Supplementary Table S6). After
dimensionality reduction, the K-means clustering algorithm was
applied to the UMAP embeddings. Five distinct clusters (k = 5)
were identified as optimal clustering solutions (Supplementary
Figure S7), representing different phenotypic groups. The
resulting cluster assignments were incorporated into the dataset
(Supplementary Table S1), allowing for stratified analysis and
visualization of group-specific characteristics. In addition,
interactive 3D scatter plots were generated using Plotly to display
UMAP embeddings on a percentage scale. For each phenotypic
group, the centroids and their corresponding 95% confidence
ellipsoids were computed and visualized. These visualizations
provided insights into the spatial distribution and clustering
patterns observed within the dataset (Video S1).

To compare phenotypic groups, the statistical evaluation
proceeded systematically, with ANOVA and Kruskal-Wallis tests,
to identify significant differences in quantitative phenotypic
descriptors (Supplementary Table S7). Where significant
differences were detected (p < 0.05), pairwise comparisons were
performed using HSD Tukey or Mann-Whitney U tests. These
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comparisons were adjusted using Bonferroni correction to control
for multiple testing effects, ensuring statistical rigor in the
identification of significant differences between specific
phenotypic groups. For qualitative phenotypic descriptors, the
initial analysis involved chi-square tests of independence to
examine the relationships between phenotypic groups. Fisher’s
exact test was used for variables with zero values in the
contingency tables to ensure accurate probability calculations.
The significance level was set at p = 0.05. Post hoc analyses and
Dunn’s test with Bonferroni correction were performed to conduct
multiple comparisons to identify specific group differences
(Supplementary Table S8).

2.3.3 Diversity metrics analysis

Diversity analysis began by computing the Shannon-Weaver
(H) diversity index for all samples and each phenotypic group. A
bootstrap resampling procedure was implemented with 10000
iterations for each diversity metric within the phenotypic groups
to ensure statistical robustness. From these iterations, 95%
confidence intervals were calculated to provide reliable estimation
ranges for the diversity measure. To compare the phenotypic
groups, the chi-square test and post hoc test were conducted
(Supplementary Table S8).

The final phase involved comprehensive documentation and
visualization of the analytical results. Detailed boxplots were
generated to illustrate the distribution patterns of diversity
metrics across phenotypic groups, incorporating the mean
markers and interquartile ranges. Separate visualizations were
created for each key diversity index, emphasizing the specific
patterns and relationships. All statistical outputs, including
bootstrap confidence intervals and test results, were systematically
compiled and exported in the Excel format. High-resolution
versions of all visualizations were preserved as JPEG files,
ensuring the publication-quality documentation of the findings.

Statistical analyses were performed using Python (version
3.11.6) with specialized packages: scipy.stats for core statistical
computations, scikit-posthoc for post-hoc analyses, and plotly for
data visualization. All computations were executed using the Julius
computational platform (https://julius.ai/), which ensured
reproducibility and standardization of the analytical workflow.

3 Results
3.1 Germplasm bank development

The collection effort in the Loreto region of Peru yielded a
comprehensive geographical representation, successfully gathering
genetic material from 140 distinct locations distributed across eight
provinces and 15 river basins (Figure 15 Supplementary Table S1).
From each location, scions were collected from five individual
plants, culminating in 700 source plants. The implemented
collection and transportation protocol proved highly effective,
with the combination of moistened newspaper wrapping and
portable coolers maintaining scion viability, even during extended
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collection periods in remote areas (Supplementary Figure S4). Upon
arrival at the grafting facility, quality assessment revealed that over
95% of the collected material maintained optimal physiological
conditions, exhibiting firm tissue consistency, healthy green foliage,
and no signs of dehydration.

Both grafting techniques, top cleft and side grafting,
demonstrated exceptional success rates in the establishment phase
(Supplementary Figure S5). Within three weeks of grafting, all
unions displayed successful integration, as evidenced by
bud sprouting, and subsequently developed into viable plants
with robust shoot growth. This uniform success in graft
establishment laid a strong foundation for the subsequent field-
establishment phase.

Field establishment at the Experimental Field “El Dorado”
achieved optimal results, with all transplanted specimens
successfully adapting to their new environment (Supplementary
Figure S1). The implementation of a systematic grid pattern with a
3 x 3 m spacing proved effective, allowing uniform establishment
across the entire 10,000 m? area. Careful spacing design facilitates
proper plant development and efficient maintenance.

The current status of the germplasm bank reflects complete
preservation of the initially collected diversity (Figure 2). All 140
accessions maintained their original complement of five plants per
accession, resulting in a total of 700 thriving individuals, representing
100% survival of the planted material. This exceptional establishment
success ensures a comprehensive representation of the genetic
diversity collected from the 15 surveyed river basins, fulfilling the
bank’s primary objective of ex situ conservation of the native cacao
germplasm from the Loreto region.

3.2 Phenotypic characterization

3.2.1 Characterization based on quantitative
phenotypic descriptors

Quantitative analysis revealed pronounced morphological
diversity across vegetative, floral, and reproductive traits, with
fruit characteristics demonstrating the highest variability (Table 1;
Supplementary Table S3, Supplementary Figure S6). Regarding
vegetative characteristics, leaf length averaged 35.84 + 5.45 cm
(CV = 15.21%) with values ranging from 23.30 to 54.20 cm, while
leaf width showed a mean of 12.46 + 1.93 cm (CV = 15.52%) with a
range of 7.60 to 19.20 cm. Petiole measurements exhibited high
variability, with petiole length showing the highest coefficient of
variation (CV = 32.52%) among vegetative traits, ranging from 1.10
to 9.00 cm with a mean of 2.41 + 0.78 cm.

Floral characteristics demonstrated moderate to high variability.
Sepal dimensions showed similar coefficients of variation (CV = 15-
16%), with sepal length averaging 0.70 + 0.11 cm and width 0.23 +
0.04 cm. Petal measurements revealed a higher variability in length
(0.33 £ 0.05 cm) than width (0.20 + 0.02 cm). Notably, the filament
length displayed considerable variation (CV = 30.24%), ranging from
0.11 to 0.80 cm. The ovary dimensions were relatively consistent, with
length and width showing CVs values of 18.43% and
15.43%, respectively.
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Plants of Theobroma cacao in the Developed Germplasm Bank
from the Loreto Region

FIGURE 2

Overview of the established Theobroma cacao L. germplasm bank at the Experimental Field “El Dorado,” Loreto, Peru. (A) Entrance signage
indicating the bank’s establishment in 2017 with 140 accessions; (B) Details of mature cacao trees with developing pods, demonstrating successful
establishment; (C) Panoramic view showing a systematic 3 X 3 m grid arrangement of cacao trees, illustrating the spatial organization of the

10,000 m? collection.

The fruit characteristics exhibited the highest overall variation
among all traits measured. Fruit weight showed remarkable
variation (CV = 48.50%), ranging from 59.00 to 1,655.00 g with a
mean of 470.22 + 228.67 g. The fruit length and diameter were more
consistent, with CVs of 18.82% and 15.82%, respectively. The
pericarp weight also showed substantial variation (CV = 50.82%),
ranging from 44.00 to 1,315.00 g. Pericarp thickness and furrow
depth showed moderate variation, with CVs values of 25.24% and
22.94%, respectively.

Seed characteristics demonstrated notable variations,
particularly in fresh weight measurements. Unpeeled fresh weight

Frontiers in Conservation Science

ranged from 8.00 to 335.00 g (CV = 49.04%), while peeled fresh
weight varied from 0.40 to 3.00 g (CV = 30.75%). The number of
seeds per fruit averaged 34.51 + 11.30, ranging from 5 to 57 seeds.
Seed dimensions showed moderate variation, with length, width,
and thickness having CVs values of 13.63%, 18.68%, and
14.57%, respectively.

The pod index analysis revealed substantial variation among the
accessions, with values ranging from 19.49 to 1,666.67 and a mean
0f107.14 + 155.17. The high coefficient of variation (CV = 144.82%)
and positive skewness (7.26) indicate a wide dispersion and right-
skewed distribution of pod index values in the germplasm
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TABLE 1 Descriptive statistics of quantitative phenotypic descriptors measured in Theobroma cacao L. accessions of the germplasm bank from the

Loreto Region, including vegetative, floral, fruit, and seed characteristics.

Quantitative Phenotypic Descriptor = Mean + SD Min Max Skewness Kurtosis CV (%)
Leaf length (cm) 35.84 + 545 23.30 54.20 0.46 0.18 15.21
Leaf width (cm) 12.46 £ 1.93 7.60 19.20 0.58 0.86 15.52
Petiole length (cm) 241 +0.78 1.10 9.00 3.56 21.33 32.52
Pedicel length (cm) 1.38 + 0.37 0.50 2.64 0.29 0.02 27.09
Sepal length (cm) 0.70 £ 0.11 0.30 1.40 0.85 4.04 15.75
Sepal width (cm) 0.23 £ 0.04 0.13 0.37 0.65 -0.10 16.66
Petal length (cm) 0.33 £ 0.05 0.18 0.75 3.02 20.02 15.79
Petal width (cm) 0.20 + 0.02 0.10 0.35 0.40 11.29 1231
Filament length (cm) 0.21 + 0.06 0.11 0.80 4.81 34.07 30.24
Staminod length (cm) 0.58 + 0.09 0.16 0.85 -0.65 3.56 15.73
Style length (cm) 0.19 + 0.04 0.10 0.30 -0.02 -0.13 22.53
Ovary length (cm) 0.14 + 0.03 0.08 0.20 0.19 -0.21 18.43
Ovary width (cm) 0.11 £ 0.02 0.07 0.20 1.29 1.65 15.43
Fruit weight (g) 470.22 + 228.07 59.00 1,655.00 1.74 5.78 48.50
Fruit length (cm) 16.21 + 3.05 7.20 25.20 0.35 0.56 18.82
Fruit diameter (cm) 8.38 £ 1.32 4.86 12.50 0.23 0.22 15.82
Pericarp weight (g) 360.83 + 183.37 44.00 1,315.00 1.76 5.54 50.82
Pericarp thickness (cm) 1.61 + 0.41 0.53 3.00 0.16 -0.04 2524
Furrow depth (cm) 0.97 +0.32 0.30 2.50 1.19 2.29 3294
Seed number 34.51 + 11.30 5.00 57.00 -0.51 -0.28 32.74
Unpeeled fresh weight (g) 92.09 + 45.16 8.00 335.00 1.21 3.61 49.04
Peeled fresh weight (g) 1.36 + 0.42 0.40 3.00 0.59 1.20 30.75
Seed length (cm) 2.30 £ 031 1.53 3.53 0.48 0.64 13.63
Seed width (cm) 1.16 + 0.22 0.68 2.54 2.53 12.84 18.68
Seed thickness (cm) 0.81 +0.12 0.47 1.14 -0.04 0.05 14.57
Pod index* 107.14 + 155.17 19.49 1,666.67 7.26 63.51 144.82

*Was calculated using the following equation (Iwaro et al, 2003): Pod index =

1000

collection. This extreme variation, further emphasized by the high
kurtosis value (63.51), suggests the presence of both highly efficient
and less efficient accessions regarding the relationship between pod
fresh weight and dried bean yield.

Correlation analysis among the quantitative traits revealed
complex relationships between vegetative, floral, and reproductive
characteristics (Supplementary Table S5). The correlations
were classified into very strong (p = 0.8), strong (0.6 < p < 0.8),
moderate (0.4 < p < 0.6), weak (0.2 < p < 0.4), and very weak
(p < 0.2) relationships.

The vegetative traits showed significant positive correlations
with each other. Leaf length and width demonstrated a strong
positive correlation (p = 0.64, p < 0.05), whereas pedicel length was
moderately correlated with both petiole length (p = 0.49, p < 0.05)
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and leaf measurements. These relationships suggest coordinated
growth patterns in the vegetative structures.

Floral characteristics exhibited several significant interconnections.
Notable correlations were observed between sepal dimensions and
other floral traits, with sepal length showing strong positive
correlations with petal (p = 0.55, p < 0.05) and staminode (p = 0.42,
p < 0.05) lengths. Petal measurements were consistently correlated
with other floral structures, particularly with the relationship between
petal width and filament length (p = 0.41, p < 0.05).

The strongest correlations were observed among the fruit-
related traits. Fruit weight was strongly positively correlated
with pericarp weight (p = 0.77, p < 0.05) and unpeeled fresh
weight (p = 0.73, p < 0.05). The fruit dimensions (length and
diameter) were strongly correlated with each other (p = 0.56,
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p< 0.05) and moderately correlated with most seed characteristics.
Interestingly, the pod index showed significant negative correlations
with several traits, particularly with fruit weight (p =-0.69, p < 0.05)
and pericarp weight (p = -0.60, p < 0.05).

Seed characteristics showed moderate to strong correlations.
Seed dimensions were positively correlated, with the strongest
relationship observed between seed length and width (p = 0.68,
p < 0.05). The seed number was significantly positively correlated
with fruit weight (p = 0.62, p < 0.05) and pericarp weight (p = 0.55,
p < 0.05), suggesting that larger fruits typically contain more seeds.

3.2.2 Characterization based on qualitative
phenotypic descriptors

Qualitative phenotypic characterization of T. cacao accessions
from the Loreto Region germplasm bank comprised 11 descriptors
across floral, fruit, and seed structures (Figure 3; Supplementary
Table S8). These descriptors included anthocyanin pigmentation in
three floral organs (filaments, ovaries, and sepals), six fruit
characteristics (color at maturity and immaturity, shape, apex form,
basal constriction, and rugosity), and two seed morphological traits
(transversal and longitudinal shapes). Analysis of these traits revealed
distinct patterns of variation and trait frequencies that characterize
the morphological diversity of this germplasm collection.

Floral characteristics of the germplasm collection showed
distinctive patterns of anthocyanin pigmentation across different
structures. In the filaments, there was a relatively balanced
distribution between absent (54.73%) and present (45.27%)
anthocyanin pigmentation. However, ovary pigmentation was
predominantly absent, with 98.26% of accessions showing no
anthocyanin coloration, and only 1.74% presenting this trait.
Similarly, sepal pigmentation was largely absent (83.33%), with
only 16.67% of the accessions displaying anthocyanin.

Fruit color exhibited marked variation between mature and
immature stages. Ripe fruits were predominantly yellow (95.77%),
with very low frequencies of orange (2.24%) and green (1.99%)
coloration. In contrast, unripe fruits showed a strong prevalence of
green coloration (85.07%), followed by pigmented variants
(13.18%) and a small proportion of red fruits (1.75%). The
diversity in fruit morphology was evident across several
characteristics. Fruit shape was dominated by oblong forms
(64.16%), followed by elliptical (27.17%), with lower frequencies
of obovate (4.73%), spherical (2.72%), and ovate (1.22%) shapes.

The fruit apex and basal characteristics displayed considerable
variation within the collection. The fruit apex form was
predominantly obtuse (43.03%) or attenuated (37.81%), with
lower frequencies of the apezonate (14.68%) and acute (4.48%)
forms. Regarding basal constriction, intermediate forms were the
most common (54.73%), followed by absent (33.83%), and strong
(11.44%) constrictions. The fruit surface texture analysis revealed a
clear predominance of intermediate rugosity (76.12%), with lower
proportions of rugged (15.67%) and smooth (6.47%) surfaces.

Seed morphology demonstrated distinct patterns in both
transversal and longitudinal dimensions. Intermediate shapes
were highly prevalent in the transversal section (70.64%),
followed by flattened (22.89%), and rounded (6.47%) forms. The
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longitudinal seed shapes showed a more balanced distribution, with
irregular forms being the most frequent (43.03%), followed by
oblong (30.35%), ovate (21.40%), and elliptical (5.22%) shapes.
This diversity in seed morphology suggests significant genetic
variation in the germplasm collection.

3.2.3 Phenotypic groups and geographic
distribution pattern of T. cacao accessions

The phenotypic diversity of T. cacao accessions in the Loreto
Region germplasm bank was comprehensively analyzed using
Uniform Manifold Approximation and Projection (UMAP),
revealing distinct patterns of morphological variation across the
collected germplasm. Three-dimensional UMAP analysis
successfully resolved five distinct phenotypic groups while
preserving both the local and global structures in high-
dimensional morphological data. The three UMAP dimensions
collectively explained a substantial proportion of the total
phenotypic variance, with UMAP 1 and UMAP 2 accounting for
33.3% and 37.1% of the variation, respectively, whereas UMAP 3
contributed an additional 29.6% (Figure 4A; Supplementary Table
S6). The three-dimensional projection revealed intricate spatial
relationships among the phenotypic groups, with phenotypic
groups 2 and 4 showing notable proximity in the central region
of the UMAP space, whereas phenotypic groups 1 and 5 occupied
more peripheral positions (Video SI). The observed pattern of
cluster distribution and overlap suggests the existence of both
discrete phenotypic groups and transitional morphotypes,
reflecting the complex nature of the phenotypic variation in this
germplasm bank. Notably, while the phenotypic groups showed
clear separation in certain regions of the UMAP space, the presence
of overlapping boundaries between adjacent phenotypic groups,
particularly evident at the interface between phenotypic groups 2, 3,
and 4, indicated potential phenotypic continuity between these
groups (Figure 4A; Video S1). This pattern is consistent with the
inherent diversity of cacao populations in the Loreto Region and
suggests the presence of distinct morphological variants, while
acknowledging the existence of intermediate forms.

The geographic distribution of the five phenotypic groups
identified through the UMAP analysis revealed distinct spatial
patterns across the river systems and political provinces of the
Loreto Region (Figure 4B). Phenotypic group 2 (blue) exhibited a
notable concentration along the northeastern boundaries,
particularly in the Putumayo and Mariscal Ramon Castilla
provinces, while maintaining sporadic presence in central
Maynas. Phenotypic group 1 (red) displayed the most widespread
distribution, with representation across all provinces and a higher
density along riverine corridors in Loreto-Nauta and central
Maynas. Phenotypic groups 3 and 4 (green and pink,
respectively) demonstrated more localized distributions, primarily
clustered in the central portions of the Maynas Province.
Phenotypic group 5 (orange) showed an intermediate distribution
pattern, with its presence in both the central and eastern portions of
the region, frequently occurring in areas where other phenotypic
groups were also found. Spatial analysis revealed several zones of
phenotypic overlap, particularly along major river systems where
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Anthocyanin in filament Anthocyanin in ovary Anthocyanin in sepal
Ausent  Present Ausent Present Ausent Present
(54.73%) (45.27%) (98.26%) (1.74%) (83.33%)  (16.67%)
Ripe fruit color Unripe fruit color Fruit shape

Yellow Orange  Green Green Pigmented Red Elliptical Oblong Obovate Ovate Spherical
(95.77%) (2.24%) (1.99%)  (85.07%) (13.18%) (1.75%) (27.17%) (64.16%) (4.73%) (1.22%) (2.72%)

Fruit rugosity
Frult apex form Fruit basal constriction 3

Acute Apezonate Attenuated Obtuse Ausent Intermediate Strong
(4.48%) (14.68%) (37.81%) (43.03%) (33.83%) (54.73%) (11.44%) Intermediate Rugged  Smooth
(76.12%) (15.67%) (6.47%)

Seed transversal shape Seed longitudinal shape
Flattened Intermediate Rounded Elliptical ~ TIrregular Oblong Ovate
(22.89%)  (70.64%)  (6.47%) (5.22%) (43.03) (30.35%)  (21.40%)

FIGURE 3

Qualitative phenotypic descriptors observed in Theobroma cacao L. accessions of the germplasm bank from the Loreto Region. The figure shows
the variation and frequency distribution (%) of 11 morphological descriptors: anthocyanin pigmentation in floral structures (filament, ovary, and sepal),
fruit characteristics (ripe fruit color, unripe fruit color, fruit shape, fruit apex form, fruit basal constriction, and fruit rugosity), and seed morphology
(transversal and longitudinal shapes). Each trait category was accompanied by representative photographs and their corresponding frequency
percentages on the germplasm bank.

multiple groups coexist in close proximity. While UMAP analysis Additionally, the relationship between phenotypic differentiation
demonstrated clear phenotypic differentiation among groups, their ~ (Gower distance) and geographic distance was examined using the
spatial arrangement showed no strict geographic boundaries, with ~ Mantel test analysis. The results revealed a statistically significant (p =
multiple phenotypic groups often present within the same localities. ~ 0.0017) but weak correlation between the phenotypic (Gower

Frontiers in Conservation Science 10 frontiersin.org


https://doi.org/10.3389/fcosc.2025.1576239
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org

11

10.3389/fcosc.2025.1576239

Phenotypic
Group
@ Group 1
@ Group 2
@ Group 3
© Group 4
© Group 5

Q
vg\
K\
AN

11

12 12

N

A

T
-0,508889°

Colombia

T T T T T T
6610556 -5503611° 4576667 -3559722" -2.542778" -1.525833°

T
76275

8644444

Iman et al.
3>
Yo
o)
2
3 Ecuador
g
&
£
5
:Si -
&
i
g
¥
R
3
] ‘Amazonas
LAY
San Martin
é_
La Libertad
o / ‘ Ucayali
% | Ancash Huanuco
T T T T
7Bavsssst  Trasssi  7eriesr 75284722
FIGURE 4

Phenotypic diversity analysis and geographic distribution of Theobroma cacao L. accessions from the Loreto Region germplasm bank. (A) Three-
dimensional Uniform Manifold Approximation and Projection (UMAP) visualization showing clustering of accessions into five phenotypic groups
based on quantitative and qualitative traits. The percentage of explained variance is shown for each UMAP dimension (UMAP 1:33.3%; UMAP 2:37.1%).
(B) Geographical distribution of phenotypic groups across the Loreto Region, Peru. Each point represents an individual accession, color-coded
according to their corresponding phenotypic group (group 1, red; group 2, blue; group 3, green; group 4, purple; and group 5, orange).
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distance) and geographic distances (r = 0.0661), with spatial
separation accounting for 0.66% of the observed phenotypic
variation (Supplementary Figure S8). A hexagonal heatmap
visualization demonstrated that the highest density of pairwise
comparisons occurred at geographic distances of 200-300 km and
Gower distances of 0.15-0.25, represented by yellow-green regions.
Throughout the distance gradient, we observed no clear linear trend,
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and pairwise comparisons remained broadly distributed across both
the geographic and phenotypic distance ranges. These findings are
consistent with the spatial distribution patterns observed in the
Loreto Region, where multiple phenotypic groups coexist across
different geographic locations.

Statistical analysis of quantitative phenotypic descriptors in
T. cacao accessions revealed distinct patterns of variation among
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phenotypic groups, necessitating both parametric and non-
parametric analytical approaches based on trait distributions
(Supplementary Table S7). Normality tests identified three traits
that were suitable for parametric analysis: fruit diameter, pericarp
thickness, and seed thickness. One-way ANOVA of these normally
distributed traits revealed highly significant differences between
phenotypic groups (p < 0.0001), with fruit diameter showing the
highest level of differentiation (F = 159.53), followed by pericarp
thickness (F = 65.37) and seed thickness (F = 19.44).

Kruskal-Wallis analysis of non-normally distributed traits
demonstrated varying levels of differentiation among characteristics
(Supplementary Table S7). Reproductive traits exhibited significant
differences (p < 0.0001), fruit weight (H = 292.80), pericarp weight
(H = 284.11), and fruit length (H = 164.35). Seed characteristics
also displayed significant variation, as evidenced by the seed width
(H = 141.42), seed length (H = 139.54), and pod index (H = 178.01).
Floral traits showed moderate levels of differentiation, with ovary
length (H = 133.20), style length (H = 121.19), and staminode length
(H = 102.66) differing significantly among the groups. In contrast,
there were no significant differences in vegetative characteristics
among the phenotypic groups, including leaf length (H = 5.89,
p = 0.2077), leaf width (H = 5.17, p = 0.2703), petiole length
(H = 8.02, p = 0.0908), and filament length (H = 4.39, p = 0.3564).

The analysis of qualitative phenotypic descriptors revealed
varying levels of differentiation among phenotypic groups
(Supplementary Table S8). Eight of the 11 descriptors showed
statistically significant differences. Among floral characteristics,
filament (y* = 10.96, p = 0.0270) and sepal (x> = 24.10,
p = 0.0001) anthocyanin pigmentation differed significantly across
groups, whereas ovary pigmentation did not (y* = 5.64, p = 0.2276).

Fruit characteristics displayed significant variation among the
phenotypic groups in five out of the six traits (Supplementary Table
S8). Both ripe (> = 25.64, p = 0.0012) and unripe fruit colors
() = 35.44, p < 0.0001) showed highly significant differences, along
with fruit shape ()* = 33.28, p = 0.0068), fruit apex form ()* = 28.30,
p =0.0050), and fruit rugosity (x> =17.13, p = 0.0287). There was no
significant difference in fruit basal constriction (x> = 13.45,
p =0.0973). For seed characteristics, the transversal shape differed
significantly among groups (y> = 22.76, p = 0.0037), while the
longitudinal shape did not (x> = 13.89, p = 0.3079).

Pairwise comparisons between the phenotypic groups revealed
specific patterns of trait differentiation (Supplementary Table S8).
Phenotypic group 1 differed from phenotypic group 3 in fruit shape
(p = 0.0033), from phenotypic group 4 in sepal anthocyanin
(p = 0.0001) and fruit apex form (p = 0.0001), and from
phenotypic group 5 in filament anthocyanin (p = 0.0305), ripe
fruit color (p = 0.0274), and unripe fruit color (p = 0.0002).
Phenotypic groups 3 and 4 showed differences in most traits
including anthocyanin pigmentation, fruit characteristics, and
seed morphology. Phenotypic groups 4 and 5 differed in filament
anthocyanin content (p = 0.0070), sepal anthocyanin content
(p = 0.0010), unripe fruit color (p = 0.0001), fruit apex form
(p = 0.0005), and seed transversal shape (p = 0.0079).
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3.2.4 Phenotypic diversity analysis using
Shannon-Weaver Index

The Shannon-Weaver Diversity Index (H’) analysis revealed
distinct patterns of variation across qualitative descriptors in the
T. cacao germplasm bank (Figure 5A). Among all traits, seed
longitudinal shape exhibited the highest diversity (H’ =~ 1.1, range:
1.0-1.2), followed by fruit apex form (H’ = 1.1, range: 0.85-1.15) and
0.65, range: 0.4-0.8). Fruit
characteristics showed intermediate diversity levels, with fruit
shape (H’ = 0.8), fruit rugosity (H’ = 0.7), and fruit basal
constriction (H’ = 0.7) displaying similar values. Fruit color traits

seed transversal shape (H’

showed a marked difference between stages, with unripe fruit color
(H’ = 0.4) exhibiting higher diversity than ripe fruit color (H’ = 0.2).
Floral anthocyanin pigmentation traits consistently showed the
lowest diversity indices among all characteristics examined.
Specifically, anthocyanin in filaments (H = 0.2), anthocyanin in
ovaries (H” = 0.1), and anthocyanin in sepals (H" = 0.2) displayed
notably low diversity values, with minimal variation in their ranges.
Analysis of the diversity distribution across phenotypic groups
revealed distinct patterns (Figure 5B). The groups showed varying
levels of median diversity, with phenotypic group 1 exhibiting the
highest median value (H’ = 0.6), followed by phenotypic group 5
(orange, H = 0.62), phenotypic group 4 (purple, H = 0.58),
phenotypic group 2 (blue, H = 0.52), and phenotypic group 3
(green, H’ = 0.45), which showed the lowest median diversity. The
complete collection (“All plants,” gray) displayed the highest overall
diversity (H” = 0.7) and the broadest range of values (0.4-0.95).
Analysis of phenotypic relationships and diversity patterns in the
T. cacao germplasm bank revealed complex associations between
traits and distinct diversity profiles across phenotypic groups
(Supplementary Figure S9A). Correlation analysis of the qualitative
traits revealed several strong relationships. Notably, seed transversal
shape showed strong positive correlations with anthocyanin
pigmentation in both filaments (r = 0.88) and ovaries (r = 0.79),
suggesting coordinated expression of these traits. Fruit characteristics
exhibited interesting patterns, with fruit shape showing a strong
negative correlation with fruit rugosity (r = -0.94) and a strong
positive correlation with ripe fruit color (r = 0.95). Fruit basal
constriction demonstrated moderate to strong correlations with
several traits, including a negative correlation with anthocyanin
content in the ovary (r = -0.84) and a positive correlation with
unripe fruit color (r = 0.88). These correlations suggest potential
developmental or genetic links between these morphological traits.
The distribution of phenotypic diversity across the phenotypic
groups (Supplementary Figure S9B) showed varying patterns of trait
expression. The seed longitudinal shape consistently exhibited high
diversity across all phenotypic groups (H’ > 1.0), with the highest
value in phenotypic group 3 (H’ = 1.342). Fruit characteristics showed
moderate to high diversity, particularly fruit apex form, which
maintained high diversity values across all phenotypic groups (H’
ranging from 0.843 to 1.337). In contrast, anthocyanin pigmentation
traits generally showed low diversity values, especially in ovary
pigmentation (H’ < 0.15 across most groups).
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FIGURE 5

Shannon-Weaver Diversity Index analysis of T. cacao accessions from the Loreto Region germplasm bank. (A) Distribution of Shannon-Weaver
Diversity Index values across qualitative phenotypic descriptors, showing the variation in diversity levels among different morphological traits. Box
plots indicate the median (horizontal line), mean (diamond), quartiles (box), and outliers (dots). (B) Comparison of Shannon-Weaver Diversity Index
values among the five phenotypic groups and the overall collection (All plants), illustrating the relative phenotypic diversity within each group.

Analysis of group-specific patterns revealed that phenotypic group
1 showed the highest global diversity index (H” = 0.602) among the
individual groups, while phenotypic group 3 showed the lowest (H’
= 0.470). The overall collection (“All plants”) demonstrated the
highest global diversity (H” = 0.692), indicating that phenotypic
grouping effectively captured complementary aspects of
morphological variation. Notably, phenotypic group 5 showed
particularly high diversity in fruit shape (H = 1.225), while
phenotypic group 3 exhibited distinctive patterns in fruit rugosity
(H’ = 0.941) compared to the other groups.
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4 Discussion

4.1 Germplasm bank development

Establishing a native cacao germplasm bank in the Loreto
region of the Peruvian Amazon represents a crucial initiative for
global cacao conservation. This region is one of the primary centers
of T. cacao origin and harbors exceptional genetic variability that is
essential for breeding programs targeting disease resistance, yield
improvement, and climate adaptation (Motamayor et al., 2008;
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Thomas et al., 2012). The genetic diversity preserved in this bank
holds dual importance: ensuring sustainable cacao production while
safeguarding unique local varieties cultivated by indigenous
communities for generations. These genetic resources are
particularly valuable, given their potential adaptations to local
environmental conditions, making them crucial for breeding
programs focused on sustainability and resilience (Thomas et al,
2012; Zhang and Motilal, 2016a).

The successful establishment of the germplasm bank
underscores the importance of integrating optimized grafting
techniques and robust rootstock selection to conserve Amazonian
cacao diversity. Achieving a 100% survival rate marks a significant
advancement in the ex sifu conservation of tropical tree species.
This exceptional outcome aligns with the successful methodologies
documented at the International Cocoa Genebank in Trinidad
(Bekele and Bekele, 1996; Bekele et al., 2006) and can be
attributed to two key factors: strategic selection of rootstock
material and implementation of standardized grafting techniques.
Such high establishment success is particularly noteworthy given
the challenges typically associated with tropical tree species
conservation, and provides a model for future germplasm
bank initiatives.

The applied grafting methodology demonstrated a strong
alignment with successful practices across major cacao-producing
regions. Recent advances in grafting techniques have shown
remarkable success rates, with in vitro micrografting achieving
95% success in apical grafts and 80% success in side grafts using
axillary buds (Miguelez-Sierra et al., 2017). Critical factors
influencing success include optimal timing, with the best results
observed in three-month-old rootstock (N’zi et al, 2023), and
careful clone selection, exemplified by the 82.6% survival rate of
the Trinitario ICS40 clone (Tchatchoua et al., 2023). The
integration of natural plant growth regulators further enhances
grafting outcomes, particularly in promoting vegetative
development (Sari and Utami, 2024).

The selection of IMC 67 as rootstock material proved
instrumental in our success, although its use presents both
opportunities and challenges for long-term germplasm
conservation. Its key advantages include vigorous root systems,
enhanced yield potential, and increased disease resistance
(Martirosyan et al, 2023). Previous research has demonstrated
that the dominant rootstock effects of IMC 67 can enhance
nutrient use efficiency, while maintaining scion-determined bean
quality characteristics (Schmidt et al., 2021). However, important
limitations include its narrow genetic base, which may restrict
adaptation across diverse edaphoclimatic conditions (Fernandez-
Paz et al, 2021; Galvis et al, 2023) and challenges in achieving
consistent survival rates across different substrates (Schmidt et al.,
2021). These limitations underscore the need for a comprehensive
genetic and physiological characterization of IMC 67, particularly
regarding rootstock-mediated variance in nutrient uptake and stress
responses (Motilal et al., 2011; Montenegro et al., 2023; Ortiz-
Alvarez et al., 2023).

Frontiers in Conservation Science

10.3389/fcosc.2025.1576239

4.2 Phenotypic characterization

Phenotypic characterization highlights the role of the Loreto
Region as a genetic reservoir, with reproductive traits reflecting
evolutionary pressure and human-driven selection. The extensive
variation in fruit characteristics (e.g., weight and pericarp thickness)
and pod index (Table 1) mirrors the diversity reported in the
International Cocoa Genebank, Trinidad (Bekele et al., 2006,
2021), positioning it as a critical hotspot for cacao genetic
resources. This variability likely reflects both natural evolutionary
processes, such as adaptation to Amazonian microhabitats, and
historical human-mediated selection during early domestication
(Motamayor et al., 2008; Cornejo et al., 2018).

The pronounced differentiation in reproductive traits compared
to vegetative traits (Supplementary Table S7) provides compelling
evidence for differential selection pressures during cacao
domestication. This pattern aligns with established evolutionary
models of crop domestication, wherein traits directly linked to yield
components and product quality, particularly fruit size, pericarp
characteristics, and seed number, experience substantially stronger
selective pressure than vegetative features (Motamayor et al., 2002;
Cornejo et al., 2018; McElroy et al., 2018; Zarrillo et al., 2018). The
quantitative analysis reveals remarkably high coefficients of
variation in reproductive traits, with fruit weight and pericarp
weight exhibiting CV values exceeding 48% (Table 1). These
elevated variation levels strongly suggest targeted selection, a
phenomenon similarly documented in other Neotropical
perennial crops undergoing domestication processes (Clement
et al., 2010; Iriarte et al., 2020; Osorio-Guarin et al., 2020; Lanaud
et al., 2024). Conversely, comparatively constrained variation in
vegetative characteristics, such as leaf dimensions and petiole
length, likely reflects stabilizing selection for optimal structural
architecture that ensures photosynthetic efficiency while
maintaining mechanical resilience in heterogeneous Amazonian
environments (Poorter et al., 2012). In the Loreto region,
indigenous communities have practiced distinct selection criteria,
as documented by Vasquez-Ocmin et al. (2018) who found that
riverine communities along the Ucayali and Marafion rivers have
traditionally selected for large fruits with high pulp content for
fermented beverage production, while upland communities
prioritized disease resistance and bean quality. Archaeological
evidence from pre-Columbian sites in the region further suggests
selection for specific fruit forms dating back to at least 1500 years
ago (Motamayor et al., 2002; Zarrillo et al., 2018), contributing to
the morphological diversity observed in our germplasm bank.

Ethnobotanical research in the Loreto region has documented
sophisticated indigenous selection practices that have further shaped
this morphological diversity. It has been demonstrated that riverine
communities along the Peruvian Amazon watersheds have historically
prioritized large-fruited phenotypes with abundant pulp for
traditional fermented beverage production, creating distinct selection
trajectories from upland communities that emphasized disease
resistance and bean quality attributes (Motamayor et al, 2002;
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Clement et al., 2010; Vasquez-Ocmin et al., 2018; Zarrillo et al., 2018).
This differentiated selection across ecological niches has contributed to
the morphological compartmentalization observed in our germplasm
bank. Archaeological investigations at pre-Columbian sites
throughout the region provide further temporal context, with
evidence for selection of specific fruit morphotypes dating back
approximately 1,500 years (Zarrillo et al., 2018; Lanaud et al.,, 2024).
These findings collectively suggest that the exceptional phenotypic
diversity documented in the present study reflects the cumulative
influence of centuries of both natural selection and targeted human
intervention across diverse Amazonian microenvironments.

The multivariate analysis of phenotypic diversity revealed
complex spatial patterns that challenge traditional isolation-by-
distance models of genetic structuring in Amazonian cacao
populations. UMAP analysis successfully resolved five distinct
phenotypic groups (Figure 4A), providing evidence of significant
morphological differentiation within the germplasm collection
despite geographical proximity of some accessions. While the
spatial distribution of these phenotypic groups along the region’s
river systems (Figure 4B) initially suggests riparian-mediated
dispersal patterns, statistical analysis reveals a more nuanced
reality. The remarkably weak correlation between phenotypic and
geographic distances (Mantel r = 0.066, p = 0.0017; Supplementary
Figure S8) indicates that geographical proximity explains less than
1% of the observed phenotypic variation. This finding points to a
complex interplay of dispersal mechanisms operating across the
Amazonian landscape. Several factors likely contribute to this
pattern: limited-range pollination by Ceratopogonidae midges
(50-200 meters) creating localized gene flow (Groeneveld et al,
2010), seasonal flood-mediated seed dispersal through hydrochory
(Thomas et al, 2012), and the interconnected tributary network
facilitating both natural and human-mediated germplasm exchange
between geographically distant but hydrologically connected
communities (Solorzano et al, 2012). These river systems have
historically served as conduits for human migration and crop
dissemination throughout the Amazon (Thomas et al, 2012;
Zhang and Motilal, 2016b; Colli-Silva et al., 2024), creating
opportunities for admixture between wild and cultivated
populations that drive phenotypic novelty and adaptive diversity
(Bidot Martinez et al., 2015a; Nieves-Orduna et al., 2021; Fouet
et al,, 2022). This complex evolutionary history has produced cacao
populations with remarkable genetic variability and environmental
resilience—characteristics essential for sustainable cultivation
across diverse environments (Zhang and Motilal, 2016b;
Friedman, 2020; Apshara and Sane, 2025).

The remarkable diversity in seed and fruit morphology
observed in this germplasm collection offers significant practical
advantages for cacao breeding programs targeting quality
improvement and disease resistance. Shannon-Weaver diversity
analysis revealed exceptionally high indices for seed longitudinal
shape (H' = 1.1) and fruit apex form (H’ = 1.1; Figure 5A), traits
with direct implications for post-harvest processing and disease
management. Seed shape significantly influences fermentation
dynamics, with irregular and oblong morphotypes demonstrating
more uniform fermentation patterns compared to ovate or elliptical
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seeds (Kongor et al., 2016). This natural variation provides breeders
with valuable genetic resources for selecting genotypes with optimal
fermentation characteristics that enhance flavor development.
Similarly, fruit apex morphology plays a critical role in disease
susceptibility through its influence on moisture management. Pods
with attenuated apex forms exhibit reduced water accumulation and
retention compared to those with obtuse or rounded shapes,
directly affecting susceptibility to black pod disease caused by
Phytophthora species (Daymond and Hadley, 2008). Research by
(Hoopen et al., 2012) demonstrates that pod morphology directly
influences surface wetness duration, with prolonged moisture
conditions facilitating pathogen propagule germination and
subsequent infection. This relationship between morphological
characteristics and disease resistance mechanisms presents
valuable selection targets for breeding programs aimed at
developing resilient varieties without compromising yield
components (Marita et al., 2001; Bekele and Phillips-Mora, 2019;
Nieves-Orduna et al., 2024). These findings highlight how the
phenotypic diversity documented in our germplasm collection
provides tangible opportunities for addressing key production
challenges through targeted breeding interventions.

Notably, the lower diversity in floral anthocyanin pigmentation
(Figure 5A) likely reflects more complex evolutionary dynamics
than simple domestication. This pattern could be explained by
multiple factors: the conservation of anthocyanin pathway genes,
even in unpigmented lineage species (Ho and Smith, 2016), the role
of gene expression rather than structural mutations in pigmentation
loss (Rausher, 2008), or the interaction between floral traits and
pollinator selection pressures (Trunschke et al., 2021). The
conservation of anthocyanin-related traits suggests evolutionary
flexibility, which could be valuable for future adaptation and
breeding efforts.

Strong correlations between reproductive traits, such as fruit
weight, pericarp weight, and seed number (Supplementary Table
S5), suggest pleiotropic genetic control or developmental
integration, a common phenomenon in crop plants (Conner
et al., 2011). These linkages highlight the potential for
simultaneous improvement of multiple yield-related traits
through targeted breeding. Conversely, the negative correlation
between the pod index and fruit weight (Supplementary Table S5)
underscores the trade-offs that must be managed in breeding
programs (Bekele and Phillips-Mora, 2019).

The exceptional phenotypic diversity documented in this
germplasm collection establishes a strategic foundation for
accelerating cacao improvement through integration with
advanced biotechnological approaches. Recent breakthroughs in
CRISPR-Cas9 gene editing technology demonstrate particular
promise for leveraging this diversity, as evidenced by successful
applications in differentiating fine and bulk cocoa varieties (Scharf
et al,, 2020; La-Rostami et al., 2022), enhancing disease resistance
(Fister et al., 2018), and modifying key agronomic traits in tree
species using genome edition (Pak et al., 2022; Pal and Pal, 2024).
When combined with multi-omics platforms, these technologies
can significantly accelerate trait introgression and genetic
improvement (Karumamkandathil et al., 2022; Chaturvedi et al.,
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2024; Kulesza et al,, 2024). To maximize the utility of this
germplasm collection, future research should prioritize genome-
wide association studies (GWAS) that establish robust connections
between phenotypic variation and underlying molecular markers,
an approach that has already yielded significant advancements in
flavor profile enhancement and yield improvement in cacao
(Osorio-Guarin et al., 2020; Bekele et al., 2022; Colonges et al.,
2022). While implementing these genomic approaches presents
logistical challenges in the Amazonian context, including limited
access to high-throughput phenotyping infrastructure and
bioinformatic resources, alternative methodologies such as
targeted candidate gene sequencing and reduced representation
approaches (RAD-seq or GBS) offer cost-effective solutions for
initial genetic characterization (Ricafio-Rodriguez et al, 2019;
Ramirez-Ramirez et al., 2024). Establishing strategic collaborative
networks between regional institutions and international research
centers will be essential for overcoming these technical and resource
limitations while ensuring research benefits are directed toward
local breeding programs and smallholder farmers. The integration
of these germplasm resources with emerging technologies in high-
throughput phenotyping and genomic prediction models represents
a powerful pathway toward developing climate-resilient, high-
yielding cacao varieties with enhanced quality characteristics
(Niazian and Niedbata, 2020; Dijk et al,, 2021; Yan and Wang,
2023; Eftekhari et al., 2024).

5 Conclusions

This study presents the successful development and
comprehensive characterization of a significant cacao germplasm
bank from the Loreto region of the Peruvian Amazon. The
exceptional establishment success and subsequent 100% long-
term survival observed across multiple seasons, including during
the severe 2019 and 2024 drought periods, demonstrate the
resilience of the selected rootstock-scion combinations. This
robustness under environmental stress highlights the adapted
nature of these native germplasm resources and their potential
value for climate resilience breeding programs. The exceptional
variation observed in economically important traits, particularly
pod characteristics and yield components, positions this germplasm
bank as a valuable resource for breeding programs that address
contemporary challenges in cacao production.

The identification of five distinct phenotypic groups, coupled
with high Shannon-Weaver diversity indices, indicates the
preservation of significant genetic diversity from the center of
origin of cacao. The stronger differentiation in reproductive traits
compared with vegetative characteristics provides insights into the
evolutionary history of the species and suggests promising avenues
for trait improvement.

This germplasm bank offers unprecedented opportunities for
multiomics exploration of native cacao diversity. Future studies
should integrate genomic, epigenomic, transcriptomic, proteomic,
and metabolomic analyses to develop comprehensive molecular

Frontiers in Conservation Science

16

10.3389/fcosc.2025.1576239

profiles for these unique genotypes. Such multiomics approaches
will reveal the molecular basis of important traits and identify the
regulatory networks that control their expression. The generation of
high-quality reference genomes from diverse accessions will
facilitate comparative genomic analyses and the identification of
structural variations associated with adaptive traits.

The extensive phenotypic diversity of the novel germplasm
bank, combined with emerging biotechnologies, presents novel
opportunities for accelerated cacao improvement. The application
of CRISPR-Cas9 and base editing technologies can enable precise
genetic modifications for trait enhancement, whereas emerging
techniques such as prime editing and epigenome editing offer
additional approaches for germplasm improvement. These
modern breeding tools, supported by multi-omics data, will
facilitate the development of climate-resilient high-yielding
varieties with enhanced disease resistance and quality traits.

The comprehensive phenotypic characterization presented
herein provides a robust foundation for these advanced studies.
Continuous evaluation using both traditional and emerging
technologies will maximize the contribution of this valuable
genetic resource to sustainable cacao production. The integration
of phenotypic data with multi-omics profiles and modern breeding
approaches has positioned this germplasm bank as a crucial
resource for securing the future of global cacao production in the
face of mounting environmental challenges.
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SUPPLEMENTARY FIGURE 1

Location and aerial view of the Theobroma cacao L. germplasm bank at the
Experimental Field “El Dorado” in Loreto, Peru. (A) Geographic location of the
study site within Peru, showing its position along the Iquitos-Nauta highway;
(B) Satellite image showing the access road to the germplasm bank within the
Instituto Nacional de Innovacion Agraria (INIA) facilities; (C) Detailed aerial
view of the 10,000 m? germplasm bank area (red polygon) at coordinates 03°
57'01" S, 73°24'59" W; (D) Ground-level photographs showing the entrance
signage and established cacao plants within the germplasm bank.

SUPPLEMENTARY FIGURE 2

Establishment of temporary shade species for the T. cacao L. germplasm bank
at the Experimental Field “El Dorado”, Loreto, Peru. The images show the
systematic planting arrangement of banana (Musa x paradisiaca L.) at 3 x 3 m
spacing and ice-cream bean (Inga edulis Mart.) at 12 x 12 m intervals during
January-August 2016. (A-C) Different views showing the early establishment
phase of the shading species. (D, E) Development of shade trees after
planting, with identification markers visible, demonstrating successful
establishment of the temporary shade system.

SUPPLEMENTARY FIGURE 3

The sequential process of rootstock development using IMC 67 (lquitos
Mixed Calabacillo) cacao clone at the Experimental Field "El Dorado”,
Loreto, Peru. (A) Mature cocoa fruits of IMC 67 selected for seed
extraction; (B) Initial seed germination setup using banana leaves as
germination beds; (C) Successfully germinated seeds showing radicle
emergence after 48 hours; (D) Technical staff preparing growing substrate
(2:1:1 ratio of agricultural soil, wood organic matter, and poultry manure) and
filling polyethylene bags (15 x 30 cm); (E) Five-month-old rootstock seedlings
under 80% shade conditions (Raschel® mesh), showing uniform development
with standardized morphological characteristics (stem diameter: 8.77 + 0.88
mm; height: 78.74 + 4.22 cm; leaf number: 25.28 + 1.97).

SUPPLEMENTARY FIGURE 4

Plant material collection process of native T. cacao L. in the Loreto region, Peru
(February-August 2017). (A) Field collection team during expedition;
(B) Technician using climbing techniques to access the middle third of the
cacao tree canopy; (C) Selection and harvesting of healthy scions using
sterilized pruning equipment; (D) Sequential preparation of collected scions
showing selection of healthy material, removal of excess foliage, and wrapping
in moistened newspaper; (E) Transportation system using portable coolers to
maintain scion viability during field expeditions, with proper labeling.

SUPPLEMENTARY FIGURE 5

Grafting techniques and establishment of the T. cacao L. germplasm bank at
the Experimental Field “El Dorado”, Loreto, Peru. (A, B) Demonstration of
grafting methods: side grafting showing the 3—4 cm downward-slanting cut
and flap creation (left), and top-cleft grafting showing the vertical slit and
wedge insertion (right); (C-F) Successfully grafted plants showing early
development stages using both grafting techniques; (G) Final establishment
of the germplasm bank with 140 accessions (700 plants total) arranged in a
systematic 3 X 3 m grid pattern within a 10,000 m? area.

SUPPLEMENTARY FIGURE 6

Frequency distributions of quantitative phenotypic descriptors in T. cacao L.
accessions from the Loreto Region germplasm bank. Histograms (green bars)
and fitted normal distribution curves (red lines) are shown for 26 morphological
traits including vegetative (leaf, petiole, and pedicel measurements), floral (sepal,
petal, filament, staminode, style, and ovary dimensions), fruit (weight, length,
diameter, pericarp characteristics, and furrow depth), and seed characteristics
(number, fresh weight, dimensions, and pod index). For each trait, the mean (mu)
and standard deviation (sigma) are provided. The x-axis represents the measured
values in their respective units, and the y-axis shows the frequency of
observations. The overlaid normal distribution curves illustrate the degree of
deviation from normality for each trait.

SUPPLEMENTARY FIGURE 7

Cluster analysis validation for phenotypic grouping of T. cacao accessions
from the Loreto Region germplasm bank. (A) Elbow plot showing the
relationship between the number of clusters (k) and Within-Cluster Sum of
Squares (WCSS). The red point indicates the optimal number of clusters (k = 5)
determined by the Elbow method, where additional clusters do not
substantially reduce WCSS; (B) Silhouette plot displaying the clustering
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quality for the five identified phenotypic groups. Each horizontal bar
represents an individual accession, with colors corresponding to different
clusters. The width of the silhouette indicates the degree of sample
membership within its assigned cluster. The vertical red dashed line
represents the average silhouette score (0.319) across all clusters, indicating
reasonable separation between clusters. Higher silhouette scores (closer to 1)
indicate better cluster assignment, while scores closer to 0 indicate potential
overlap between clusters.

SUPPLEMENTARY FIGURE 8

Correlation between phenotypic (Gower) and geographic distances among
native cacao accessions of the germplasm bank from the Loreto Region,
Peru. The hexagonal heatmap shows the density of pairwise comparisons,
with colors indicating the frequency of observations (Count). The weak but
significant positive correlation (Mantel r = 0.0661, p = 0.0017) suggests
minimal spatial structure in phenotypic variation across the study area.

SUPPLEMENTARY FIGURE 9

Correlation analysis and phenotypic diversity patterns in T. cacao accessions.
(A) Correlation matrix showing the relationships between qualitative
phenotypic descriptors. Red colors indicate positive correlations, blue
colors indicate negative correlations and color intensity represents
correlation strength; (B) Heat map of Shannon-Weaver Diversity Index
values across phenotypic groups and traits, including global diversity index.
The color scale indicates the diversity level from low (blue) to high (red).

SUPPLEMENTARY VIDEO 1

Interactive three-dimensional UMAP visualization of phenotypic diversity in native
cacao accessions of the germplasm bank from the Loreto Region. The interactive
plot shows clustering patterns of 402 accessions into five phenotypic groups
based on 36 phenotypic descriptors. UMAP dimensions explain 33.3% (UMAP1),
37.1% (UMAP2), and 29.6% (UMAP3) of total variance. Each point represents an
individual accession, color-coded by phenotypic group (Group 1: red, Group 2:
blue, Group 3: green, Group 4: purple, Group 5: orange). Ellipsoids represent 95%
confidence intervals around cluster centroids, characterizing representative
phenotypic traits for each group. HTML format enables interactive rotation and
zoom for detailed exploration of cluster relationships.

SUPPLEMENTARY TABLE 1

A comprehensive dataset of passport information and phenotypical
characterization of 134 native T. cacao L. accessions conserved in the
Germplasm Bank from the Loreto Region.
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