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Abstract

The Amazon rainforest is a significant center of origin for Theobroma cacao L. (cacao), and understanding the phenotypic diversity of its wild populations is
crucial for genetic improvement and conservation strategies. In this study, the phenotypic diversity of 511 wild cacao accessions, collected between 2008
and 2015 from 18 river basins in the Peruvian Amazon and subsequently conserved at the germplasm bank of the Instituto de Cultivos Tropicales in
Tarapoto, Peru, was evaluated. Phenotypic diversity was assessed using 27 quantitative traits related to leaves, fruits, seeds, and flowers. The results revealed
significant differences in trait expression among river basins, highlighting the influence of environmental conditions on phenotypic variation. Notably,
accessions from the Amazonas, Madre de Dios, and Tigre basins exhibited the highest seed index, while the best pod index was recorded in Madre de Dios,
demonstrating considerable variability in yield potential. Similar trends were observed in pod weight, seed number per pod, and fruit dimensions,
underscoring the role of geographical origin in shaping phenotypic traits. Phenotypic diversity analysis using principal component analysis and hierarchical
clustering identified five distinct groups among the wild cacao accessions. These findings offer valuable insights for selecting superior genotypes adapted to
specific environmental conditions and lay the groundwork for future breeding programs to enhance cacao productivity and resilience.
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Introduction

Cacao, Theobroma cacao L., is a cash crop native to the Amazon
basin and widely used in chocolate production. Its demand steadily
increases as global markets seek its rich and complex flavors.
Cacao grows within 20° north and south of the equator, where both
geography and climate are favorable. It is cultivated in over 50
countries!"], with an annual productivity of 4.8 million tons of cacao
beansl?l. Globally, 40-50 million people depend on cacao for their
livelihoods, but most cacao farmers live beneath the poverty line on
an income of less than USD$2 per day®. Global cacao production
faces increasing challenges, including global price fluctuations,
climate changes, rising labor costs, and various biotic and abiotic
production constraints, which threaten cacao farmers' livelihoods
and the sustainable cacao economy!*3],

The tropical Americas, particularly the center of origin of T. cacao,
include key producers such as Brazil, Ecuador, Peru, Colombia, and
Bolivia. These countries are recognized for producing fine and
aromatic cacao, leveraging their unique genetic resources and envi-
ronmental conditions. Among them, Peru is a country with a rich
cacao heritage, cultivating over 177,350 hectares and producing
171,200 tons of cacao beansll. It is also the world's fourth largest
producer of organic cacao, after Sierra Leone, the Dominican Repub-
lic, and the Democratic Republic of Congol’l.

Peru is renowned for its rich biodiversity and for its numerous
cacao landraces and wild populations, providing a unique oppor-
tunity for both the conservation of genetic resources and the deve-
lopment of improved cacao varieties. To preserve cacao genetic
resources, expand the genetic base, and study cacao diversity, the
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Instituto de Cultivos Tropicales (Tropical Crops Institute, ICT) in
Tarapoto, Peru, in collaboration with the USDA-ARS, Sustainable
Perennial Crops Laboratory (USDA-ARS, SPCL) and INCAGRO-MINA-
GRI, has conducted collection expeditions since 2008 in the depart-
ments of Amazonas, Loreto, San Martin, Ucayali, Madre de Dios, and
Cuzcol®-12, A total of 540 wild cacao trees from 18 river basins were
collected as budwood cuttings and propagated in the living
GenBank of ICT8211, This highlights the importance of characteriz-
ing these accessions for future breeding and productive diversifica-
tion initiatives!’3. However, the genetic potential of cacao germ-
plasm, particularly from the wild populations that spontaneously
grow in the Amazon rainforest, remains poorly understood. Some
reports highlighting the importance of this new wild cacao collec-
tion have been published!'"l. For instance, accessions from the
Santiago and Morona River basins were compared with the native
cacao 'Piura Porcelana' to determine their identity and originl8],
highlighting the need for continued research, including studies on
disease tolerance and their characterization® 1,

Various studies have been conducted on wild cacao regarding
genetic diversity, population structure, pests and disease resistance,
and response to abiotic stress factors such as drought, acidic soils,
and shade, among others®14-161. Molecular characterization using
single nucleotide polymorphisms and simple sequence repeat mar-
kers has revealed that this new cacao collection exhibits the highest
genetic diversity and allele richness among all existing wild cacao
collections®'", This has led to the identification of new genetic
groups of cacaol®9l,

Recent advancements in genomics have led to the sequencing
of multiple cacao genomes, including wild cacao populations,
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providing valuable information on genetic diversity and trait
associations['7-201, By analyzing large datasets of genotypic and
phenotypic information, cacao breeders can identify genomic
regions associated with specific agronomic traits and practice
Genome-Wide Association Studies and genomic prediction21-241,
However, accurate phenotypic characterization is crucial because it
provides the foundation for identifying genetic variants associated
with specific traits. Without accurate phenotypic data, associating
genetic variants with relevant traits lacks meaningful interpretation.
Therefore, it is essential to integrate cutting-edge genomic and
molecular studies with morphological characterization to facilitate
the effective conservation of these unique accessions for the
future production of fine aroma chocolates?! and for cacao
improvement(26],

Despite its crucial importance, phenotypic characterization had
not previously been conducted on these new collections of wild
cacao conserved in the ICT GenBank. Here, the first effort to mor-
phologically characterize the 511 wild cacao accessions collected
since 2008 from various basins in the Peruvian Amazonia was
reported. The main objective of the study was to survey and analyze
morphological variations in cacao plants, pods, and seed morpho-
logy in wild populations. The results contribute to understanding
phenotypic diversity in wild cacao, support sustainable conserva-
tion, and accelerate the effective use of these wild cacao germ-
plasms in breeding programs.

Materials and methods

Study area

The wild cacao accessions collected between 2008 and 2015 are
conserved at the germplasm bank located at the Choclino Experi-
mental Station of ICT in Tarapoto, La Banda del Shilcayo District, San
Martin Department, at 6.47° S, 76.33° W and 540 m above sea level.
The trees from the different collections were planted in clay loam
soil with a pH of 5.6, electrical conductivity of 4.3 mS/m, phospho-
rus content of 6.5 ppm, potassium content of 107.5 ppm, and
organic matter content of 3.6%[?7). In the experimental area, the
average annual rainfall is 1,250 mm, the average temperature is
26 °C, and the relative humidity is 87%[271.

Plant material

This study analyzed 511 georeferenced accessions from the
departments of Amazonas (38 accessions), Cuzco (22 accessions),
Loreto (362 accessions), Madre de Dios (55 accessions), and Ucayali
(34 accessions) (Table 1; Fig. 1). The collected materials consisted
of budwood, which was grafted onto four-month-old seedlings
obtained from open-pollinated IMC-67 fruit seeds. After eight
months, the grafted plants were planted at the germplasm bank.

Plant distribution in germplasm bank

In the germplasm bank, each accession of wild cacao consisted
of five plants established at 1.5 m x 2 m in a triangular layout. Cha-
racterization was conducted on plants aged six to twelve years
(Table 1), from 2020 to 2021.

Quantitative morphological descriptors

The descriptors used to characterize the 511 wild cacao trees
were considered under the methodology of Garcial?8, Phillips-Mora
et al.2%, Restrepo and UrregoBY, Lopez et al.P', and Véasquez-
Garcia®?, which considered leaf, fruit, seeds, and flower descriptors.
This study considered 27 quantitative traits: four for leaves, nine for
fruits, five for seeds, and nine for flowers (Table 2).

Five leaves with good status were collected from each genotype
at the fifth node of the branches at chest height on the tree. All
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variables were measured using a ruler. Five fruits in mature condi-
tion per plant were collected to evaluate the traits described in
Table 2; the seeds were extracted from the fruits, and ten seeds were
randomly selected to measure the traits listed in Table 2. All fruit
and seed measurements were made with a digital vernier caliper.
Ten flowers were collected from each genotype to measure their
characteristics by using a stereoscopy EUROMEX NZ.1703-P stereo-
scope. The data were collected during the same season to minimize
environmental variability.

Statistical analysis

Multivariate techniques were used to analyze the data. The
variables that significantly contributed to forming groups were
determined first by Spearman correlation and principal compo-
nents PCA. From among the 27 variables, eight variables were
selected based on their significant contributions to explaining the
variability among accessions and for the posterior analysis. Cluster
analysis of the traits for groups of wild cacao with similar characte-
ristics was performed using Ward's method and Gower distance.
Subsequently, variance analysis was performed by groups, followed
by the Scott & Knott mean comparison test (p < 0.05) for each group.
Additionally, a discriminant analysis was performed using InfoStat
version 2020831 to identify the significant quantitative variables
influencing group formation.

Results

Characterization between accessions

The overall descriptive statistics for the 511 wild cacao accessions,
based on 27 quantitative traits, are presented in Table 3. The coeffi-
cient of variability (CV) associated with each trait was greater than
10%, indicating significant phenotypic diversity among the wild
cacao accessions conserved in the ICT Genbank. Furrow depth
exhibited the highest variability (CV = 33.02%), whereas seed width
showed the lowest variability (CV = 10.56%).

Analysis of variance for 27 quantitative traits detected significant
(p £0.05) differences among the 511 wild cacao accessions for all
traits considered except fruit weight (p = 0.7533) (Table 3). This indi-
cated the broader variation of the accessions in the studied traits.
Seed index and Pod index, traits considered indicators of the yield
potential, varied from 0.8 to 1.64 g and 16.4 to 43.6 fruits/kg, respec-
tively (Table 3).

Characterization of wild cacao by river basin

All means of the quantitative agronomic traits, except for leaf
length, petiole length, and fruit weight, showed significant varia-
tion among the river basins (Table 4). The coefficient of variation
(CV) across river basins was greater than 10% for petiole length, fruit
weight, seed fresh weight, seed dry weight, furrow depth, seed
number per fruit, seed index, and pod index, whereas the other
traits exhibited lower CV values. This suggests significant pheno-
typic diversity among the different river basins for the agronomic
traits of wild cacao. Petiole length had the highest variability (CV =
15.15%), while seed width had the lowest (CV = 4.07%).

The cacao accessions with the minimum and maximum mean
values for the 27 agronomic traits are shown in Table 5. The lowest
and highest values for each trait were from the following river
basins:

Amazonas: Lowest petiole length; highest seed index.

Aypena: Lowest leaf length; highest leaf width, length from base
to the widest point of a leaf, petiole length, sepal width, petal
length, and petal width.

Chambira: Lowest fruit length-to-diameter ratio and seed number
per fruit.
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Fig. 1 Location map of 511 wild cacao collections in Peru. Using R
software.

Table 2. Agro-morphological descriptors considered in this study.

N° Descriptor

Leaf 1 Length (LL) and width (WL) of the leaf in centimeters
2 Length from base to the most comprehensive point of a leaf
(LBL) in centimeters

3 Petiole length (PL) in centimeters
Fruit 4 Fruit weight (FW) in grams
5 Seed fresh weight (SFW) and Seed dry weight (SDW)
6 Length (FL) and diameter (FD) of fruits in centimeters
7 Length (FL)/diameter (FD) ratio (FL/FD)
8 Husk thickness (HusT) in centimeters
9 Furrow depth (FwD) in centimeters
10  Podindex (PI) [1,000/SDW]
Seed 11 Seed number per fruit (SeN)
12 Seedindex (SI) [SDW/SeN]
13 Length (Sel) and width (SeW) of the seeds in millimeters
14  Seed thickness (SeT) in millimeters
Flower 15 Length (SepL) and width (SepW) of the sepal in millimeters

16 Length (Pel) and width (PeW) of the petal in millimeters
17 Staminodium length (StL) in millimeters

18  Length (OvL) and width (OvW) of the ovary in millimeters
19  Style Length (StyL) in millimeters

20  Number of ovules per ovary (Ov/o)

Phenotypic diversity of wild cacao

Table 3. Minimum (min), maximum (max), mean values * standard deviation
(SD), and statistical significance (p <0.05) for 27 leaf, fruit, seed, and flower
descriptors of 511 accessions of wild cacao from the Peruvian Amazonia.

Madre de Dios: Lowest pod index; highest seed fresh weight, seed
dry weight, and seed number per fruit.

Morona: Lowest fruit diameter and seed width; highest fruit
length, fruit length-to-diameter ratio, furrow depth, ovary length,
and ovules per ovary.

Page4of 12

Variables* Min Max Mean + SD V% F p-value
LL (cm) 23.54 344 28.78 £ 3.92 13.63 1.13  0.03871
LW (cm) 6.88 13.36 9.89+2.10 21.18 1.19 0.00507
LBL (cm) 11.52  20.52 14.65 + 2.57 1753 120 0.00329
PL (cm) 1.26 494 1.81+£0.53 29.39 146 <0.0001
FW (9) 348.34 763.27 568.25+179.64 31.61 0.95 0.7533

SFW (g) 6254 166.13 100.7+30.55 30.34 142 <0.0001
SDW (g) 2437 632 36.75+1065 2899 150 <0.0001
FL (cm) 15.04 2236 18.78 £ 2.05 10.94 1.68 <0.0001
FD (cm) 6.72  14.25 11.36 £ 2.06 18.17 3.86 <0.0001
FL/FD 1.24 2.9 1.71+£0.39 22.70 299 <0.0001
FwD (mm) 5.5 16.93 831274 33.02 288 <0.0001
HusT (mm) 10.13 213 15.49 =+ 3.70 23.86 3.20 < 0.0001
SeN (n) 21.2 46.8 33.09+7.59 2293 1.15 0.02259
Sl(g) 0.8 1.64 1.13+£0.26 23.34 1.80 <0.0001
Pl (n) 16.4 436 29.67+832 2803 141 <0.0001
SeL (mm) 1699 26.54 21.57 £2.78 12.89 345 <0.0001
SeW (mm) 10.2 1545 12.53+1.32 10.56  3.74 <0.0001
SeT (mm) 5.99 12.02 9.3+1.58 16.95 2.25 <0.0001
SepL (mm) 488 9.5 721+1.19 1645 1.74 <0.0001
SepW (mm) 1.44 2.97 2.14 £ 045 21.02 1.74 <0.0001
PeL (mm) 3 6.44 4.52 £0.80 1778 648 <0.0001
PeW (mm) 1.24 2.8 1.93+041 21.39 452 <0.0001
StL (mm) 3.76 7.04 5.19+0.68 13.16  2.86 <0.0001
OvL (mm) 1.16 2.28 1.68 +0.32 18.92 233 <0.0001
OvW (mm) 0.72 1.6 1.16 +0.28 23.71 2.88 < 0.0001
StyL (mm) 1.3 2.98 231036 15.76 297 <0.0001
Ov/o (n) 224 474 3559+7.35 2065 489 <0.0001

* Leaf traits: Leaf length (LL), Leaf width (LW), Length from base to widest point of
a leaf (LBL), Petiole length (PL). Fruit traits: Fruit weight (FW), Fruit length (FL), Fruit
diameter (FD), Fruit length-to-diameter ratio (FL/FD), Furrow depth (FwD), Husk
thickness (HusT), Pod index (PI). Seed traits: Seed fresh weight (SFW), Seed dry
weight (SDW), Seed number per fruit (SeN), Seed index (SI), Seed length (Sel),
Seed width (SeW), Seed thickness (SeT). Floral traits: Sepal length (SeplL), Sepal
width (SepW), Petal length (PeL), Petal width (PeW), Staminate length (StL), Ovary
length (OvL), Ovary width (OvW), Style length (StyL), Ovules per ovary (Ov/o0). CV =
coefficient of variability; F and p-value determined from analysis of variance.

Napo: Lowest seed fresh weight and seed dry weight.

Pastaza: Highest seed width.

Putumayo: Lowest sepal width; highest fruit diameter.

Santiago: Lowest length from base to the widest point of a leaf,
fruit length, staminate length, and ovary length.

Tigre: Highest fruit weight.

Ucayali: Lowest furrow depth and petal width; highest ovary
width.

Ungumayo: Lowest ovules per ovary; highest leaf length.

Ungurahui: Lowest leaf width and length from base to the widest
point of a leaf; highest husk thickness, seed length, and style length.

Urituyacu: Lowest fruit weight; highest seed thickness.

Urubamba: Lowest husk thickness, seed index, seed length, seed
thickness, petal length, ovary width, and style length; highest sepal
length and staminate length.

Yavari: Lowest sepal length and sepal width; highest pod index
and ovary width.

Only three accessions had a seed index greater than 1.5 g:
Amazonas (AMZ 446 = 1.64 g); Madre de Dios (PPR 365 = 1.56 g);
and Tigre (TIG 315 = 1.53 g. The pod index ranged from 16.4 to 43.6,
with 1.8% of wild cacao accessions less than 21, including Amazonas
(AMZ 446 = 19.4), Chambira (CHA 297 = 20.8), Madre de Dios (ARR
400 = 16.4, PPA 354 = 19.6, PPR 365 = 19.2, RL 389 = 21, SFR 377 =
20, SND 383 = 21), and Tigre (TIG 303 = 21).
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Table 5. Cacao accessions with minimum and maximum values for 27 leaf,

fruit, seed, and flower descriptors.

Traits* Minimum value Maximum value
LL (cm) AYP 10 =23.54 UGU 114 =344
LW (cm) UNG 64 =6.88 AYP 22=13.36
LBL (cm) SAN 199 =11.52 AYP 2 =20.52
PL (cm) AMZ 452 =1.26 AYP 7 =494
FW (9) URI 165 = 348.34 TIG 307 =763.27
SFW (g) NAP 328 = 62.54 ARR 400 = 166.13
SDW (g) NAP 328 = 24.37 ARR 400 = 63.2
FL (cm) SAN 235 =15.04 MOR 212 =22.36
FD (cm) MOR 220 =6.72 PUT 476 = 14.25
FL/FD CHA295=1.24 MOR212=2.9
FwD (mm) ABI 418 =55 MOR 216 =16.93
HusT (mm) CHUN5=10.13 UNG50=21.3
SeN (n) CHA 291 =21.2 ARR 400 = 46.8
Sl(g) CHUN12=0.8 AMZ 446 = 1.64
Pl (n) ARR400=16.4 YAV 459 =43.6
SeL (mm) CHUN 15 =16.99 UNG 55 =26.54
SeW (mm) MOR 204 =10.2 PAS 96 = 1545
SeT (mm) CHUN 6 =5.99 URI178=12.02
SepL (mm) YAV 437 =4.88 CHUN9=9.5
SepW (mm) PUT 460A, YAV 437 = 1.44 AYP 8 =297
PeL (mm) CHUN16=3 AYP 1 =6.44
PeW (mm) TAM415=1.24 AYP9,AYP19=28
StL (mm) SAN 233 =3.76 CHUN4=7.04
OvL (mm) SAN 259=1.16 MOR 226 =2.28
OvW (mm) CHUN 11 =0.72 UTQ423,YAV475=1.6
StyL (mm) CHUN8=1.3 UNG 63 =2.98
Ov/o (n) UGU 129=224 MOR 248 =47.4

* Leaf traits: Leaf length (LL), Leaf width (LW), Length from base to the widest
point of a leaf (LBL), Petiole length (PL). Fruit traits: Fruit weight (FW), Fruit length
(FL), Fruit diameter (FD), Fruit length-to-diameter ratio (FL/FD), Furrow depth
(FwD), Husk thickness (HusT), Pod index (Pl). Seed traits: Seed fresh weight (SFW),
Seed dry weight (SDW), Seed number per fruit (SeN), Seed index (Sl), Seed length
(SeL), Seed width (SeW), Seed thickness (SeT). Floral traits: Sepal length (SepL),
Sepal width (SepW), Petal length (PeL), Petal width (PeW), Staminate length (StL),
Ovary length (OvL), Ovary width (OvW), Style length (StyL), Ovules per ovary

(Ov/o).

Phenotypic diversity of wild cacao

Characterization of groups of clones within the
germplasm

Principal component analysis first identified the variables that
significantly contributed to group formation. The traits with the
highest correlation that contributed significantly to diversification
were fruit diameter, fruit length-to-diameter ratio, furrow depth,
husk thickness, seed length, seed width, petal length, and ovules per
ovary (Fig. 2). These descriptors explained 72.3% of the phenotypic
quantitative variability of the wild cacao accessions used to form the
groups. The first axis explains 43.7% of the variability, dividing all
wild cacao into two large groups: 281 wild accessions (55%) asso-
ciated with furrow depth, fruit length-to-diameter ratio, and ovules
per ovary, and 230 wild accessions (45%) associated with husk thick-
ness, petal length, seed length, seed width, and fruit diameter.

Cluster analysis identified five groups, almost entirely characte-
rized by phenotypic traits, by using Ward's method and Gower
distance (Gower distance = 3.8) for the leaf, flower, fruit, and seed
descriptors that contributed most to variability (Fig. 3). The origin of
the wild cacao accessions forming each group is shown in Table 6.

« Group one consists of 187 wild cacao accessions from the
Amazonas (9.1%), Chambira (10.7%), Madre de Dios (28.3%), Napo
(11.85%), Putumayo (9.6%), Santiago (0.5%), Tigre (11.8%), and
Ucayali (18.2%) river basins.

+ Group two includes accessions from the Aypena (11.6%),
Marafnén (11.6%), Nucuray (13.2%), Pastaza (12.6%), Ungumayo
(13.7%), Ungurahui (20.0%), and Urituyacu (17.4%) river basins.

« Group three is exclusively composed of wild cacao accessions
from the Urubamba river basin.

« Group four includes accessions from the Madre de Dios (3.8%),
Santiago (11.5%), and Yavari (84.6%) river basin.

* Group five consists of accessions from the Madre de Dios (1.2%),
Morona (58.1%), Santiago (39.5%), and Yavari (1.2%) river basins.

This analysis highlights the high phenotypic diversity of these
wild cacao trees.

5.04 —&— Traits
(O AmAZONAS
© cHAVBIRA
@ VADRE DE DIOS
O NaPO
© PUTUMAYO
© TIGRE
@ ucavaul
2.5 © YAVARI
O AYPENA
(O WMARARON
@ NUCURAY
@ PASTAZA
= © uNGUMAYO
> @ UNGURAHUI
© © URITUYACU
a4 00 () MORONA
: O sANTIAGO
(3} @ URUBAMBA
—2.5-
Group IV
=5.0- ; . )
-5.0 -25 25 5.0

CP 1 (43.7%)

Fig. 2 Biplot resulting from the principal components analysis based on quantitative traits with the most contribution to the phenotypic diversity of
cacao in Peruvian river basins.
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Fig.3 Dendrogram resulting from the cluster analysis based on 27 agronomic traits of 511 wild cacao accessions from Peruvian river basins.

Table 6. Conformation of five phenotypic groups for 511 wild cacao accessions based on river basin of origin.

River basin Phenotypic groups Total accessions by
Group 1 Group 2 Group 3 Group 4 Group 5 river basin
Amazonas 17 (9.1%) 17
Aypena 22 (11.6%) 22
Chambira 20 (10.7%) 20
Madre de Dios 53(28.3%) 1(3.8%) 1(1.2%) 55
Maraién 22 (11.6%) 22
Morona 50 (58.1%) 50
Napo 22 (11.8%) 22
Nucuray 25 (13.2%) 25
Pastaza 24 (12.6%) 24
Putumayo 18 (9.6%) 18
Santiago 1 (0.5%) 3(11.5%) 34 (39.5%) 38
Tigre 22 (11.8%) 22
Ucayali 34 (18.2%) 34
Ungumayo 26 (13.7%) 26
Ungurahui 38 (20.0%) 38
Urituyacu 33 (17.4%) 33
Urubamba 22 (100%) 22
Yavari 22 (84.6%) 1(1.2%) 23
Total group 187 26 190 22 86 511
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The analysis of variance of characteristics across the main groups
for all evaluated quantitative variables showed significant statistical
differences (p <0.05). These differences were key determinants in
the formation of the groups, except for leaf length (p = 0.4329),
petiole length (p = 0.0830), and fruit weight (p = 0.9579).

The five cacao groups are quantitatively characterized by the 27
agronomic traits in Table 7. Group one comprises 187 wild cacao
accessions. This group has the highest mean leaf length at 28.90 +
0.13 cm, ranging from 23.7 to 32.8 cm, though not statistically diffe-
rent from the other groups. It also exhibits a high seed fresh weight
of 108.10 + 1.06 g, ranging from 62.50 to 166.13 g, statistically diffe-
rent from groups Two, Three, and Five. Similarly, seed dry weight is
39.43 £ 0.38 g, ranging from 24.4 to 63.2 g, significantly different
from groups two, three, and five. The seed index is 1.20 + 0.01 g,
ranging from 0.87 to 1.64 g, also showing statistically significant
differences from groups two, three, and five. Ovule length is 1.72 +
0.01 mm, ranging from 1.30 to 2.04 mm, significantly different from
the other four groups. Ovule width is 1.28 £ 0.01 mm, ranging from
0.96 to 1.60 mm, and is significantly different from groups two,
three, and five. This group has a low pod index of 27.86 + 0.29 fruits
per kg.

Group two, consisting of 26 wild cacao accessions, is charac-
terized by high leaf width (10.27 £ 0.2 cm), ranging from 8.32 to
12.62 c¢m, which is significantly different from the leaf width of
group three. The fruit weight (575.01 = 15.50 g) ranges from 443.05
to 715.88 g but is not statistically significant from the other groups.
The fruit length-to-diameter ratio (2.14 + 0.03) ranges from 1.96 to
2.38 and is significant different from the ratio of the other groups.
This group exhibits the lowest values for leaf length (28.39 +

Phenotypic diversity of wild cacao

0.36 cm), fruit diameter (8.92 + 0.15 cm), seed number per fruit (32.5
+ 0.69 seeds per fruit), sepal length (6.85 + 0.12 mm), and sepal
width (2.0 £ 0.05 mm).

Group three, which includes 190 wild cacao accessions, is charac-
terized by a high value for length from base to the widest point of a
leaf (14.98 £+ 0.09 cm), ranging from 11.82 to 18.24 cm and is signifi-
cant different from the other four groups. The petiole length (1.86 £
0.02 cm) ranges from 1.26 to 2.40 cm and is not statistically signifi-
cant compared to the other groups. The fruit diameter (12.07 +
0.05 cm) ranges from 10.34 to 14.25 cm and is significantly different
from groups four and five. The husk thickness (17.37 £ 0.11 cm)
ranges from 10.79 to 16.99 cm and is statistically significant com-
pared to groups one, three, and four. Additionally, this group has
high values for:

+ Seed length (23.54 + 0.08 mm) ranging from 18.95-22.24 mm
and statistically significant compared to groups two, three, and five.

+ Seed width (13.33 + 0.04 mm) ranging from 11.52-13.43 mm
and statistically significant compared to all other groups.

« Seed thickness (10.06 + 0.04 mm) ranging from 7.62-10.31 mm
and statistically significant compared to all other groups.

« Petal length (5.07 + 0.03 mm) ranging from 3.44-4.90 mm and
statistically significant compared to all other groups.

* Petal width (2.13 + 0.02 mm) ranging from 1.24-2.28 mm and
statistically significant compared to all other groups.

« Style length (2.48 = 0.01 mm) ranging from 1.94-2.53 mm and
statistically significant compared to all other groups.

This group has low values for ovary width (1.04 + 0.01 mm) and
ovules per ovary (29.83 + 0.20 ovules per ovary).

Table 7. Mean values + standard error and statistical significance for 27 leaf, fruit, seed, and flower descriptors for five cacao phenotypic groups from Peruvian

Amazonia.
Traits* Group 1 Group 2 Group 3 Group 4 Group 5 V% F p-value
LL (cm) 28.94+0.13 28.39+0.36 28.65+0.13 28.77 £0.39 28.85+0.2 6.39 0.95 0.4329
LW (cm) 9.86 £0.07 a 10.27+0.2a 9.99+0.07 a 949+0.21b 9.76+0.11a 10.09 2,66 0.0318
LBL (cm) 14.46 £ 0.09 b 1458 £0.24b 1498 £0.09a 14.18+0.26 b 1447 £0.13b 8.27 5.91 0.0001
PL (cm) 1.78 £0.02 1.80+0.05 1.86 £ 0.02 1.75+£0.06 1.79+£0.03 15.13 2.07 0.0830
FW (9) 567.72£5.78 575.01£155 567.70 £5.73 558.57 £ 16.85 571.03 £8.52 13.91 0.16 0.9579
SFW (g) 108.10+1.06 a 104 +£285a 95.80+1.05b 95.51+3.10b 95.80+1.57b 14.42 21.03 < 0.0001
SDW (g) 39.43+0.38a 3779+1.01a 3499+037b 3480+1.10b 35.01+£0.56b 14.06 21.55 < 0.0001
FL (cm) 18.90 + 0.08 a 19.06 +0.21a 18.94+0.08 a 19.18+0.22a 17.95+£0.11b 5.61 16.43 <0.0001
FD (cm) 12.01 £0.05a 892+0.15b 12.07 £0.05a 11.66 +0.16 a 9.06 +0.08 b 6.60 348.70 < 0.0001
FL/FD 1.61+£0.01c 2.14+0.03 a 1.60+0.01c 1.68 £0.04 c 2.05+0.02b 9.63 176.65 < 0.0001
FwD (mm) 7.50+£0.08 ¢ 745+022c 8.05+0.08 b 6.62+0.24d 11.28+0.12a 13.43 196.41 <0.0001
HusT (mm) 13.63+£0.11b 13.50£0.29b 1737 £0.11a 11.38+031¢c 17.03+0.16 a 9.50 230.96 < 0.0001
SeN (n) 33.17+0.26 b 3250+ 0.69b 3274+£0.25b 36.67+0.75a 3296+0.38b 10.60 6.45 < 0.0001
SI(g) 1.20+£0.01a 1.20+0.03a 1.08+0.01b 0.95+0.03 ¢ 1.07+0.01b 11.48 374 <0.0001
Pl (n) 27.86+0.29 ¢ 28.74+0.77 c 30.65+0.28b 34.61+0.84a 3045+042b 13.23 22.78 < 0.0001
SeL (mm) 20.53+£0.08b 2036+0.21b 23.54+0.08 a 1835+0.22c¢ 20.67+£0.11b 4.85 290.59 < 0.0001
SeW (mm) 1243+0.04b 1239+0.1b 13.33+0.04a 10.99+0.11d 11.39+0.06 4.26 251.82 <0.0001
SeT (mm) 8.97+0.04b 895+0.12b 10.06 £0.04 a 6.74+£0.13 ¢ 9.08 +0.06 b 6.31 204.54 < 0.0001
SepL (mm) 736+0.05b 6.85+0.12¢ 7.06+0.05c¢ 784+0.13a 7.14+0.07 ¢ 8.65 13.60 < 0.0001
SepW (mm) 2.13+0.02a 2.00+0.05b 2.15+0.02a 225+0.05a 2.13+0.03a 11.48 3.41 0.0092
PeL (mm) 4.14+0.03c 4.20+0.08 c 5.07+0.03a 3.38+0.09d 453+0.05b 9.24 165.64 < 0.0001
PeW (mm) 1.74+£0.02¢c 1.74+0.05¢c 2.13+0.02a 1.66 +£0.05 ¢ 2.02+0.03b 12.29 78.65 < 0.0001
StL (mm) 521+0.03b 5.08+0.07 b 526+0.03b 5.99+0.08 a 4.79+0.04 ¢ 7.15 53.71 <0.0001
OvL (mm) 1.72+£0.01a 1.66 £0.04 b 1.67£0.01b 1.57+0.04b 1.66 +0.02b 11.33 4.55 0.0013
OvW (mm) 1.28+0.01a 1.27+0.03a 1.04+0.01d 1.11+£0.03c¢ 1.17+£0.02b 12.26 73.40 < 0.0001
StyL (mm) 225+0.01b 226 £0.04b 248+0.01a 1.90 +£0.04 c 221+0.02b 8.23 72.96 <0.0001
Ov/o (n) 38.23+0.20b 37.61+0.54b 29.83+0.20d 3532+0.59c¢ 42.01+0.30a 7.80 364.99 < 0.0001

* Leaf traits: Leaf length (LL), Leaf width (LW), Length from base to the widest point of a leaf (LBL), Petiole length (PL). Fruit traits: Fruit weight (FW), Fruit length (FL), Fruit
diameter (FD), Fruit length-to-diameter ratio (FL/FD), Furrow depth (FwD), Husk thickness (HusT), Pod index (PI). Seed traits: Seed fresh weight (SFW), Seed dry weight
(SDW), Seed number per fruit (SeN), Seed index (SI), Seed length (SeL), Seed width (SeW), Seed thickness (SeT). Floral traits: Sepal length (SepL), Sepal width (SepW), Petal
length (PeL), Petal width (PeW), Staminate length (StL), Ovary length (OvL), Ovary width (OvW), Style length (StyL), Ovules per ovary (Ov/0). Means with the same letter in

arow are not statistically significant (p > 0.05).
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Group four represents only cacao from the Urubamba River basin,
known as 'Chuncho'. This group has high values for:

* Fruit length (19.18 + 0.22 cm) ranging from 15.9-20.9 cm and
statistically significant only compared to group five.

+ Seed number per fruit (36.7 = 0.8 seeds per fruit) ranging
21.2-46.8 seeds per fruit and statistically significant compared to all
other groups.

* Pod index (34.61 + 0.84 fruits per kg) ranging from 16.4-41.4
fruits per kg and statistically significant compared to all other
groups.

+ Sepal length (7.84 + 0.13 mm) ranging from 5.54-9.28 mm and
statistically significant compared to all other groups.

+ Sepal width (2.25 + 0.05 mm) ranging from 1.44-2.74 mm and
statistically significant only compared to group four.

+ Staminate length (5.99 + 0.08 mm) ranging from 4.16-5.96 mm
and statistically significant compared to all other groups.

In this group, the lowest values were found for multiple traits,
including leaf width (9.49 + 0.21 cm), length from base to the widest
point of a leaf (14.18 £ 0.26 cm), petiole length (1.75 + 0.06 cm), fruit
weight (558.57 = 16.85 g), seed fresh weight (95.51 £ 3.10 g), seed
dry weight (34.80 + 1.10 g), furrow depth (6.62 £ 0.24 mm), husk
thickness (11.38 + 0.31 mm), seed index (0.95 + 0.03 g), seed length
(18.35 + 0.22 mm), seed width (10.99 £ 0.11 mm), seed thickness
(6.74 £ 0.13 mm), petal length (3.38 + 0.09 mm), petal width (1.66 +
0.05 mm), ovary length (1.57 + 0.04 mm), and style length (1.9 +
0.04 mm).

Group five consists of 86 accessions, mainly from the Santiago
and Morona river basins. This group has high values for:

+ Furrow depth (11.28 + 0.12 cm) ranging 7.32-16.93 cm and
statistically significant compared to all other groups.

+ Ovules per ovary (42.0 + 0.3 ovules per ovary) ranging 37.6-47.4
ovules per ovary and statistically significant compared to all other
groups.

The lowest values found in this group were for fruit length (17.95
+0.11 cm) and staminate length (4.79 £+ 0.04 mm).

Discussion

This preliminary study represents one of the most extensive
phenotypic characterizations of wild cacao populations in the upper
Amazon region, with quantitative morphological descriptors to
characterize 511 wild cacao accessions from 18 Peruvian river
basins. It reveals significant morphological diversity and distinct
patterns of variation, providing valuable insights into the genetic
resources of T. cacao in its center of diversity.

Dias et al.;B¥ studied the diversity and distribution pattern within
and among wild cacao populations from the Brazilian Amazon.
Fourteen descriptors were used to assess 320 cacao trees from four
river basins. The study found that the river basin is a key factor in-
fluencing variation in cacao populations. This result aligns with the
present findings, as most variables showed significant differences
among river basins. However, the variability within accessions from
the same river basin was inconsistent, with some variables exhibit-
ing homogeneity and others heterogeneity*4. Dias et al.B4 also
found high variability within the river basins. These results can be
explained by the fact that the sampling process was randomized or
showed the influence of the tree age or time of sampling.

The substantial variation observed in 24 of the 27 quantitative
traits related to leaf, fruit, seed, and flower descriptors highlights the
remarkable phenotypic diversity within these wild cacao popula-
tionst32l, The high coefficients of variability (CV > 10%) for most traits
align with previous findings by Motamayor et al.3% who reported
significant morphological variation in Amazonian cacao populations.

Arévalo-Gardini et al. Beverage Plant Research 2025, 5: e037
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Notably, the seed index showed the highest variability (CV = 54.3%),
while seed width exhibited the lowest (CV = 8.5%), suggesting
different selective pressures on these traits during evolution.

It is important to note that the evaluation of quantitative traits in
this study was conducted under high-density planting conditions.
This approach facilitates the assessment of a large number of acces-
sions but may influence trait expression differently compared to
evaluations conducted under recommended commercial spacing
for cacao cultivation. Future studies should incorporate field trials
with standard agronomic practices to validate the adaptability of
selected accessions under real cultivation scenarios.

Leaf morphology revealed subtle yet significant variations among
the clustered groups. While leaf length remained relatively uniform
(28.39-28.94 cm), significant differences were observed in leaf
width, with group four exhibiting notably lower leaf width (9.49 cm,
p <0.05). This variation in leaf morphology may represent adapta-
tions to specific environmental conditions, as this group consists
exclusively of cacao 'Chuncho' from the Urubamba River basin, a
high-altitude region where cacao grows. Accessions in this group
were collected within a narrow valley at 665 and 1,478 m above sea
level. This environment differs markedly from the other lower-
elevation valleys from which other accessions were collected. Simi-
lar findings were reported by Daymond et al.B%, who demonstrated
that cacao leaf characteristics are highly responsive to environmen-
tal factors such as light intensity and water availability3l. Group
four also had lower length from base to the widest point of a leaf,
petiole length, fruit width, seed fresh weight, seed dry weight,
furrow depth, husk thickness, seed index, seed length, seed width,
seed thickness, petal length, petal width, ovary length and style
length but higher fruit length, seed number per fruit, pod index,
sepal length, sepal width, and staminate length, as was reported by
Garcia-Carrion[?8l. As mentioned earlier, cacao 'Chuncho' may have
developed unique traits in response to specific environmental pres-
sures in the region, similar to morphological adaptations observed
in other cacao populations('3. These observations are consistent
with previous studies indicating that geographic location and
specific ecological conditions play a crucial role in shaping genetic
diversity within cacao populationsB”l. The results also support the
hypothesis of distinct genetic lineages evolving in isolated river
valleysB3839, as geographical barriers have played a crucial role in
cacao diversification.

In the future, integrating international cacao clones into studies
should provide a comparative perspective, positioning the observed
variation within the global context of cacao genetic resources. This
approach would offer a clearer understanding of how Peruvian wild
cacao compares with widely cultivated varieties available interna-
tionally. Vasquez-Garcia et al.’32 characterized 130 cacao genotypes
from the germplasm bank at the Instituto Nacional de Innovacién
Agraria in Peru, by using 20 morphological descriptors and 31 agro-
nomic descriptors of the leaf, flower, fruit, and seed, and identified
five clustered groups. Principal components analysis in the present
study revealed that eight traits (fruit diameter, fruit length-to-
diameter ratio, furrow depth, husk thickness, seed length, seed
width, petal length, and ovules per ovary) significantly contributed
to group differentiation, explaining 72.3% of the total phenotypic
variation. This multi-trait differentiation suggests complex patterns
of adaptation and genetic drift across river basins, consistent with
the findings of Thomas et al.l*%l, who reported spatial genetic struc-
turing in neotropical cacao populations.

The clustering of accessions into five distinct phenotypic groups
based on similar traits and geographical origin suggests a strong
ecological adaptation across river basins. This pattern aligns with
Thomas et al.*%, who reported robust eco-geographical patterns
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in cacao diversity that reflect natural evolutionary processes and
human selection. Group One consists of cacao accessions from
diverse river basins that are geographically distant from each other
(Amazonas, Chambira, Madre de Dios, Napo, Putumayo, Santiago,
Tigre, and Santiago), highlighting the role of isolation and distinct
environmental conditions in promoting cacao genetic diversityl'338l,
On the other hand, group three, which includes cacao from the
Aypena, Marafiién, Nucuray, Pastaza, Ungumayo, Ungurahui, and
Urituyacu River basins, exhibits greater homogeneity, likely due to
the geographic proximity of these river basins around the Maraiion
Rivert4l,

The analysis of reproductive traits revealed notable variations in
productivity indicators. Group four exhibited the highest pod index
(34.61), which was significantly different from groups one and two
(27.86 and 28.74, respectively. The results in this study reports
values higher than those typically observed in elite cacaol?9-2], sug-
gesting potential for improvement through selective breeding'l.
However, group four also exhibited other traits, such as the highest
number of seeds per fruit (36.67, p <0.0001), that align with the
findings of Motamayor et al.l'3 regarding the complex nature of
yield components in cacao.

Seed indices, which are crucial for the commercial quality of
cocoa beans, varied significantly (p <0.0001), with groups one and
two having the highest values (1.20 g), aligning with international
market preferences for beans larger than 1.2 g2, The lower seed
index in group four (0.95 g) suggests that individual seed weight
may have been compromised despite its higher seed count, illustrat-
ing the typical negative correlation between seed number and size
observed in many crops!*3!.

Fruit quantitative traits showed distinct patterns among groups,
with significant variations in fruit dimensions and husk thickness
(p £0.0001). Group four's combination of traits - thinner husks
(11.38 mm) but higher seed numbers - presents both opportunities
and challenges for breeding programs. While thinner husks might
increase susceptibility to pests!34, this characteristic could also facili-
tate harvesting operations(34l,

There was significant variation in floral traits, particularly in ovule
number per ovary (p £0.0001). Group five exhibited the highest
values (42.01), suggesting diverse reproductive strategies among
groups. These differences in floral morphology could influence polli-
nation success and compatibility systems, which are critical factors
for cacao yield improvement#4451,

The spatial pattern of diversity which was observed underscores
the importance of river basins as drivers of genetic differentiation
in the Amazon. This diversity is crucial for maintaining genetic
resources that could contribute to future breeding objectives to
improve cacao resilience and sustainability3°46], Determining acces-
sions with superior traits presents valuable opportunities for cacao
improvement. For instance, accessions with seed indices greater
than 1.5 g (AMZ 446 = 1.64 g, PPR 365 = 1.56 g, and TIG 315=1.53 g)
represent exceptional breeding material. These values exceed the
average seed index reported by Ballesteros et al.l*”! for cultivated
varieties (1.2-1.4 g). Accessions with high productivity potential,
characterized by favorable pod index values less than 21 in multiple
river basins, suggest the presence of highly productive genotypes.
Bekele & Phillips-Moral*8! reported that such traits are crucial for
developing improved varieties with enhanced yield efficiency. The
significant variation in fruit diameter, fruit length-to-diameter ratio,
and husk thickness across groups suggests different strategies for
seed protection and dispersal, potentially contributing to disease
resistancel’3l,

The morphological diversity observed in wild cacao across river
basins suggests the proposal of in situ conservation strategies.
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The following actions are recommended: 1) Prioritize conservation
efforts in regions harboring unique phenotypic profiles, particularly
the Urubamba, Morona, and Santiago River basins; 2) Implement
targeted collection strategies to capture the full range of trait varia-
tion; and 3) Develop core collections that represent the phenotypic
diversity identified in the present study.

Conclusions

This study provides a comprehensive quantitative phenotypic
baseline of wild cacao diversity in the Peruvian Amazon and offers
valuable insights for future cacao breeding programs and conserva-
tion strategies. The significant diversity observed reinforces this
region's status as a key center of cacao genetic resources, highlight-
ing the need for continued research and conservation efforts to
safeguard and utilize this invaluable germplasm. Moreover, geno-
typing-by-sequencing is being applied to these wild cacao acces-
sions to elucidate the genetic basis of the observed phenotypic
variations. The combined analysis of genomic and phenotypic data
will enhance the utilization of wild cacao germplasm for crop
improvement.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design: Arévalo-Gardini E, Baligar V, Zhang D;
data collection: Arévalo-Gardini E, Flores-Isuiza G, Zuhiga-Cernades
LB, Ruiz-Camus CE, Tuesta-Hidalgo OA, Arévalo-Gardini J; analysis
and interpretation of results: Arévalo-Gardini E, Arévalo-Hernandez
CO, Zhang D; draft manuscript preparation: Arévalo-Gardini E,
Arévalo-Hernandez CO, Mehinhard L, Zhang D. All authors reviewed
the results and approved the final version of the manuscript.

Data availability

Due to administrative requirements, the original data of the
experiments during the project's research period are not available to
the public. However, the data are available from the corresponding
author upon reasonable request.

Acknowledgments

We thank the USDA-ARS for supporting the field trial activities
under Project Agreement Number (Grant No. FAIN 58-8042-2-042-F).
We are also grateful to the 'Programa Nacional de Investigacién
Cientifica y Estudios Avanzados' (National Program for Scientific
Research and Advanced Studies) (PROCIENCIA) for financial support
(Grant No. 188-2020), with special appreciation to Ana Maria Ramos
Hurtado for her timely advice in developing this work. We extend
our gratitude to all technicians who participated in the collection
and establishment of the germplasm bank at the Instituto de
Cultivos Tropicales (ICT) in Tarapoto, as well as to ICT for providing
the field and laboratory facilities necessary for this study.

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 9 December 2024; Revised 13 May 2025; Accepted 29
May 2025; Published online 28 November 2025

Arévalo-Gardini et al. Beverage Plant Research 2025, 5: €037



Phenotypic diversity of wild cacao

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bartley BGD. 2005. The genetic diversity of acao and its utilization.
Wallingford: CABI Publishing. 341 pp

International Cocoa Organization. 2022. ICCO quarterly bulletin of cocoa
statistics.  www.icco.org/wp-content/uploads/Production_QBCS-XLIX-
No.-2.pdf

Voora V, Bermudez S, Larrea C. 2019. Global market report: cocoa.
Winnipeg: International Institute for Sustainable Development. 12 pp
Kongor JE, Owusu M, Oduro-Yeboah C. 2024. Cocoa production in the
2020s: challenges and solutions. CABI Agriculture and Bioscience 5(1):102
Umaharan P. 2018. Achieving sustainable cultivation of cocoa. London:
Burleigh Dodds Science Publishing. Volume 2. 588 pp. doi: 10.1201/
9781351114547

FAOSTAT. 2024. Food and agriculture data. www.fao.org/faostat/en/
#data

Willer H, Travnicek J, Meier C, Schlatter B. 2024. The World of Organic
Agriculture: Statistics and Emerging Trends 2024. Research Institute of
Organic Agriculture (FiBL) and IFOAM - Organics International. www.
organic-world.net/yearbook/yearbook-2024.html

Arévalo-Gardini E, Meinhardt LW, Zuiiga LC, Arévalo-Gardni J, Motilal L,
et al. 2019. Genetic identity and origin of "Piura Porcelana" — a fine-
flavored traditional variety of cacao (Theobroma cacao) from the Peru-
vian Amazon. Tree Genetics & Genomes 15:11

Arévalo-Gardini E, Arévalo-Hernandez CO, Meinhardt LM, Motilal L,
Umaharan P, et al. 2023. Wild cacao in Peruvian Amazon - Progress in
analysis of genetic diversity and population structure. Proc. Plant and
Animal Genome Conference (PAG 30), Cacao Genomics Workshop, San
Diego, 2023. https://plan.core-apps.com/pag_2023/abstract/abce8776-
3a73-4565-b14e-cbf1b303804c

Meinhardt LW, Zhang D, Samuels G. 2011. Peruvian cacao collection trip
yields treasures. Agricultural Research September 2011:8-10. https://
agresearchmag.ars.usda.gov/AR/archive/2011/Sep/cacao0911.pdf
Zhang D, Arevalo-Gardini E, Gutarra B, Baligar V, Meinhardt L. 2013. The
newly collected wild cacao germplasm from Peruvian Amazon and its
implication for disease resistance. Proc. Plant and Animal Genome XXI
Conference. W127, San Diego. https://pag.confex.com/pag/xxi/webpro-
gram/Paper7789.html

Zhang D, Motilal L. 2016. Origin, dispersal, and current global distribu-
tion of cacao genetic diversity. In Cacao Diseases, eds Bailey B, Mein-
hardt L. Cham: Springer. pp. 3-31 doi: 10.1007/978-3-319-24789-2_1
Motamayor JC, Lachenaud P, da Silva e Mota JW, Loor R, Kuhn DN, et al.
2008. Geographic and genetic population differentiation of the Amazo-
nian chocolate tree (Theobroma cacao L). PLoS One 3(10):e3311

Muller E, Ullah I, Dunwell JM, Daymond AJ, Richardson M, et al. 2021.
Identification and distribution of novel badnaviral sequences inte-
grated in the genome of cacao (Theobroma cacao). Scientific Reports
11:8270

Arévalo-Gardini E, Arévalo-Hernandez CO, Baligar VC, He ZL. 2017.
Heavy metal accumulation in leaves and beans of cacao (Theobroma
cacao L.) in major cacao growing regions in Peru. Science of The Total
Environment 605-606:792—800

Arévalo-Hernandez CO, Arévalo-Gardini E, Farfan A, Amaringo-Gomez
M, Daymond A, et al. 2022. Growth and nutritional responses of juve-
nile wild and domesticated cacao genotypes to soil acidity. Agronomy
12(12):3124

Argout X, Martin G, Droc G, Fouet O, Labadie K, et al. 2017. The cacao
Criollo genome v2.0: an improved version of the genome for genetic
and functional genomic studies. BMIC Genomics 18:730

Hamala T, Guiltinan MJ, Marden, JH, Maximova SN, DePamphilis CW, et
al. 2020. Gene expression modularity reveals footprints of polygenic
adaptation in Theobroma cacao. Molecular Biology and Evolution
37:110-23

Nousias O, Zheng J, Li T, Meinhardt LW, Bailey B, et al. 2024. Three de
novo assembled wild cacao genomes from the Upper Amazon. Scientific
Data 11:369

Wickramasuriya AM, Dunwell JM. 2018. Cacao biotechnology: current
status and future prospects. Plant Biotechnology Journal 16(1):4—17

Arévalo-Gardini et al. Beverage Plant Research 2025, 5: e037

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Beverage Plant
Research

Bekele FL, Bidaisee GG, Allegre M, Argout X, Fouet O, et al. 2022.
Genome-wide association studies and genomic selection assays made
in a large sample of cacao (Theobroma cacao L.) germplasm reveal
significant marker-trait associations and good predictive value for
improving yield potential. PLoS One 17(10):e0260907

McElroy MS, Navarro AJR, Mustiga G, Stack C, Gezan S, et al. 2018.
Prediction of cacao (Theobroma cacao) resistance to Moniliophthora
spp. diseases via genome-wide association analysis and genomic selec-
tion. Frontiers in Plant Science 9:343

Osorio-Guarin JA, Berdugo-Cely JA, Coronado-Silva RA, Baez E, Jaimes Y,
et al. 2020. Genome-wide association study reveals novel candidate
genes associated with productivity and disease resistance to Monilioph-
thora spp. in cacao (Theobroma cacao L.). G3: Genes, Genomes, Genetics
10(5):1713-25

Romero Navarro JA, Phillips-Mora W, Arciniegas-Leal A, Mata-Quirds A,
Haiminen N, et al. 2017. Application of genome wide association and
genomic prediction for improvement of cacao productivity and resis-
tance to black and frosty pod diseases. Frontiers in Plant Science 8:1905
Gonzalez-Orozco CE, Galan AAS, Ramos PE, Yockteng R. 2020. Exploring
the diversity and distribution of crop wild relatives of cacao (Theobroma
cacao L.) in Colombia. Genetic Resources and Crop Evolution 67:2071-85
Tscharntke T, Ocampo-Ariza C, Vansynghel J, Ivafiez-Ballesteros B,
Aycart P, et al. 2023. Socio-ecological benefits of fine-flavor cacao in its
center of origin. Conservation Letters 16(1):212936

Arévalo-Gardini E, Canto M, Alegre J, Loli O, Julca A, et al. 2015. Changes
in soil physical and chemical properties in long term improved natural
and traditional agroforestry management systems of cacao genotypes
in Peruvian Amazon. PLoS One 10(7):e0132147

Garcia-Carrién L. 2010. Catdlogo de cultivares de cacao del Pert. Lima:
Ministerio de Agricultura

Phillips-Mora W, Arciniegas-Leal A, Mata-Quirés A. Motamayor-Arias JC.
2012. Catdlogo de Clones de Cacao Seleccionados por el CATIE para Siem-
bras Comerciales. Manual Técnico 105. Turrialba: CATIE. 68 pp

Restrepo Quiroz Tl, Urrego Posso JE. 2018. Protocolo para la
caracterizacion morfoldgica de arboles élite de cacao (Theobroma cacao
L.). Compania Nacional de Chocolates S. A. S. https://chocolates.com.co/
wp-content/uploads/2024/02/Cartilla_Protocolo_Cacao_dic20_VFF.pdf
Lépez M, Deras E, Parada-Berrios FA, Lara-Ascencio F. 2018.
Caracterizaciéon morfoagronémica in situ de cacao criollo (Theobroma
cacao L) en lugares de prevalencia natural y su incidencia en la
seleccién de germoplasma promisorio en El Salvador. Revista Agrocien-
cia 1(4):25-34

Vasquez-Garcia J, Santos-Pelaez JC, Malqui-Ramos R, Vigo CN, Alvarado
CW, et al. 2022. Agromorphological characterization of cacao (Theo-
broma cacao L.) accessions from the germplasm bank of the National
Institute of Agrarian Innovation, Peru. Heliyon 8(10):e10888

Di Rienzo JA, Casanoves F, Balzarini MG, Gonzalez L, Tablada M, et al.
2020. InfoStat versién 2020. Centro de Transferencia InfoStat, FCA,
Universidad Nacional de Cérdoba, Argentina. www.infostat.com.ar

dos Santos Dias LA, Barriga JP, Kageyama PY, de Almeida CMVC. 2003.
Variation and its distribution in wild cacao populations from the Brazi-
lian Amazon. Brazilian Archives of Biology and Technology 46(4):507—-14
Motamayor JC, Mockaitis K, Schmutz J, Haiminen N, Livingstone D, 3rd,
et al. 2013. The genome sequence of the most widely cultivated cacao
type and its use to identify candidate genes regulating pod color.
Genome Biology 14:r53

Daymond AJ, Hadley P. 2008. Differential effects of temperature on fruit
development and bean quality of contrasting genotypes of cacao
(Theobroma cacao). Annals of Applied Biology 153(2):175-85
Lopez-Hernédndez M, Sandoval-Aldana A, Garcia-Lozano J, Criollo-Nufez
J. 2022. Cacao materials (Theobroma cacao L.) from different production
areas in Colombia: a morphological study. Trends in Horticulture
5(1):64-71

Sereno ML, Albuquerque PSB, Vencovsky R, Figueira A. 2006. Genetic
diversity and natural population structure of cacao (Theobroma cacao
L) from the Brazilian Amazon evaluated by microsatellite markers.
Conservation Genetics 7:13-24

Page 110f 12


https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://www.icco.org/wp-content/uploads/Production_QBCS-XLIX-No.-2.pdf
https://doi.org/10.1186/s43170-024-00310-6
https://doi.org/10.1201/9781351114547
https://doi.org/10.1201/9781351114547
http://www.fao.org/faostat/en/#data
http://www.fao.org/faostat/en/#data
https://www.organic-world.net/yearbook/yearbook-2024.html
https://www.organic-world.net/yearbook/yearbook-2024.html
https://www.organic-world.net/yearbook/yearbook-2024.html
https://www.organic-world.net/yearbook/yearbook-2024.html
https://www.organic-world.net/yearbook/yearbook-2024.html
https://www.organic-world.net/yearbook/yearbook-2024.html
https://doi.org/10.1007/s11295-019-1316-y
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://plan.core-apps.com/pag_2023/abstract/abce8776-3a73-4565-b14e-cbf1b303804c
https://agresearchmag.ars.usda.gov/AR/archive/2011/Sep/cacao0911.pdf
https://agresearchmag.ars.usda.gov/AR/archive/2011/Sep/cacao0911.pdf
https://pag.confex.com/pag/xxi/webprogram/Paper7789.html
https://pag.confex.com/pag/xxi/webprogram/Paper7789.html
https://pag.confex.com/pag/xxi/webprogram/Paper7789.html
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1007/978-3-319-24789-2_1
https://doi.org/10.1371/journal.pone.0003311
https://doi.org/10.1038/s41598-021-87690-1
https://doi.org/10.1016/j.scitotenv.2017.06.122
https://doi.org/10.1016/j.scitotenv.2017.06.122
https://doi.org/10.3390/agronomy12123124
https://doi.org/10.1186/s12864-017-4120-9
https://doi.org/10.1093/molbev/msz206
https://doi.org/10.1038/s41597-024-03215-1
https://doi.org/10.1038/s41597-024-03215-1
https://doi.org/10.1111/pbi.12848
https://doi.org/10.1371/journal.pone.0260907
https://doi.org/10.3389/fpls.2018.00343
https://doi.org/10.1534/g3.120.401153
https://doi.org/10.3389/fpls.2017.01905
https://doi.org/10.1007/s10722-020-00960-1
https://doi.org/10.1111/conl.12936
https://doi.org/10.1371/journal.pone.0132147
https://chocolates.com.co/wp-content/uploads/2024/02/Cartilla_Protocolo_Cacao_dic20_VFF.pdf
https://chocolates.com.co/wp-content/uploads/2024/02/Cartilla_Protocolo_Cacao_dic20_VFF.pdf
https://chocolates.com.co/wp-content/uploads/2024/02/Cartilla_Protocolo_Cacao_dic20_VFF.pdf
https://chocolates.com.co/wp-content/uploads/2024/02/Cartilla_Protocolo_Cacao_dic20_VFF.pdf
https://doi.org/10.1016/j.heliyon.2022.e10888
http://www.infostat.com.ar
https://doi.org/10.1590/S1516-89132003000400003
https://doi.org/10.1186/gb-2013-14-6-r53
https://doi.org/10.1111/j.1744-7348.2008.00246.x
https://doi.org/10.24294/th.v5i1.1817
https://doi.org/10.1007/s10592-005-7568-0

Beverage Plant
Research

39.

40.

41.

42.

43.

44,

Zhang D, Arevalo-Gardini E, Mischke S, Zuhiga-Cernades L, Barreto-
Chavez A, et al. 2006. Genetic diversity and structure of managed and
semi-natural populations of cocoa (Theobroma cacao) in the Huallaga
and Ucayali Valleys of Peru. Annals of Botany 98(3):647—55

Thomas E, Van Zonneveld M, Loo J, Hodgkin T, Galluzzi G, et al. 2012.
Present spatial diversity patterns of Theobroma cacao L. in the Neotro-
pics reflect genetic differentiation in Pleistocene refugia followed by
human-influenced dispersal. PLoS One 7(10):e47676

Batista L. 2009. Guia técnica: El cultivo de cacao en la Republica Domini-
cana. Santo Domingo: Centro para el Desarrollo Agropecuario y Fore-
stal, Inc. https://cedaf.org.do/wp-content/uploads/2022/08/cacao.pdf
End MJ, Daymond AJ, Hadley P. 2021. Technical guidelines for the safe
movement of cacao germplasm. Revised from the FAO/IPGRI Technical
Guidelines No. 20

Lahive F, Hadley P, Daymond AlJ. 2019. The physiological responses of
cacao to the environment and the implications for climate change
resilience: a review. Agronomy for Sustainable Development 39:5

Aneja M, Gianfagna T, Ng E, Badilla I. 1992. Carbon dioxide and tempera-
ture influence pollen germination and fruit set in cocoa. HortScience
27(9):1038-40

Page 12 0f 12

45.

46.

47.

48.

Phenotypic diversity of wild cacao

Falque M, Vincent A, Vaissiere BE, Eskes AB. 1995. Effect of pollination
intensity on fruit and seed set in cacao (Theobroma cacao L.). Sexual
Plant Reproduction 8(5):354—60

Zuidema PA, Leffelaar PA, Gerritsma W, Mommer L, Anten NPR. 2005. A
physiological production model for cocoa (Theobroma cacao): model
presentation, validation and application. Agricultural ~ Systems
84(2):195-225

Ballesteros PW, Lagos BTC, Hugo Ferney L. 2016. Morphological charac-
terization of elite cacao trees (Theobroma cacao L.) in Tumaco, Narifio,
Colombia. Revista Colombiana de Ciencias Horticolas 9(2):313

Bekele F, Phillips-Mora W. 2019. Cacao (Theobroma cacao L.) breeding.
In Advances in Plant Breeding Strategies: Industrial and Food Crops, eds Al-
Khayri JM, Jain SM, Johnson DV. Cham: Springer International Publish-
ing. Volume 46. pp. 409-87 doi: 10.1007/978-3-030-23265-8_12

Copyright: © 2025 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Arévalo-Gardini et al. Beverage Plant Research 2025, 5: €037


https://doi.org/10.1093/aob/mcl146
https://doi.org/10.1371/journal.pone.0047676
https://cedaf.org.do/wp-content/uploads/2022/08/cacao.pdf
https://cedaf.org.do/wp-content/uploads/2022/08/cacao.pdf
https://cedaf.org.do/wp-content/uploads/2022/08/cacao.pdf
https://doi.org/10.1007/s13593-018-0552-0
https://doi.org/10.21273/HORTSCI.27.9.1038
https://doi.org/10.1007/BF00243203
https://doi.org/10.1007/BF00243203
https://doi.org/10.1016/j.agsy.2004.06.015
https://doi.org/10.17584/rcch.2015v9i2.4187
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://doi.org/10.1007/978-3-030-23265-8_12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Study area
	Plant material
	Plant distribution in germplasm bank
	Quantitative morphological descriptors
	Statistical analysis

	Results
	Characterization between accessions
	Characterization of wild cacao by river basin
	Characterization of groups of clones within the germplasm

	Discussion
	Conclusions
	Author contributions
	Data availability
	References

