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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[1], with an annual productivity of 4.8 million tons of cacao
beans[2].  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[3].  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[4,5].

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  beans[6].  It  is  also  the  world's  fourth  largest
producer of organic cacao, after Sierra Leone, the Dominican Repub-
lic, and the Democratic Republic of Congo[7].

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

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 Martín, Ucayali, Madre de Dios, and
Cuzco[8−12]. A total of 540 wild cacao trees from 18 river basins were
collected  as  budwood  cuttings  and  propagated  in  the  living
GenBank of  ICT[8,9,11].  This  highlights the importance of  characteriz-
ing these accessions for future breeding and productive diversifica-
tion  initiatives[13].  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[11].  For  instance,  accessions  from  the
Santiago  and  Morona  River  basins  were  compared  with  the  native
cacao  'Piura  Porcelana'  to  determine  their  identity  and  origin[8],
highlighting  the  need  for  continued  research,  including  studies  on
disease tolerance and their characterization[9,11].

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[8,14−16].  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[9,11].  This  has  led  to  the  identification  of  new  genetic
groups of cacao[8,9].

Recent  advancements  in  genomics  have  led  to  the  sequencing
of  multiple  cacao  genomes,  including  wild  cacao  populations,

ARTICLE
 

© The Author(s)
www.maxapress.com/bpr

www.maxapress.com

http://orcid.org/0000-0002-1725-6788
http://orcid.org/0000-0001-8212-6114
mailto:enriquearevaloga@gmail.com
mailto:earevalo@unaaa.edu.pe
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
http://orcid.org/0000-0002-1725-6788
http://orcid.org/0000-0001-8212-6114
mailto:enriquearevaloga@gmail.com
mailto:earevalo@unaaa.edu.pe
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
https://doi.org/10.48130/bpr-0025-0024
http://www.maxapress.com/bpr
http://www.maxapress.com


providing  valuable  information  on  genetic  diversity  and  trait
associations[17−20].  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  prediction[21−24].
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[25] 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
Martín 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%[27].  In  the  experimental  area,  the
average  annual  rainfall  is  1,250  mm,  the  average  temperature  is
26 °C, and the relative humidity is 87%[27]. 

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 × 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 García[28],  Phillips-Mora
et  al.[29],  Restrepo  and  Urrego[30],  López  et  al.[31],  and  Vásquez-
García[32], 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

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  2020[33] 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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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.

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.

Yavarí:  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). 

 

 
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 Pod index (PI) [1,000/SDW]

Seed 11 Seed number per fruit (SeN)
12 Seed index (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)

 

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.

Variables* Min Max Mean ± SD CV % F p-value

LL (cm) 23.54 34.4 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 17.53 1.20 0.00329
PL (cm) 1.26 4.94 1.81 ± 0.53 29.39 1.46 < 0.0001
FW (g) 348.34 763.27 568.25 ± 179.64 31.61 0.95 0.7533
SFW (g) 62.54 166.13 100.7 ± 30.55 30.34 1.42 < 0.0001
SDW (g) 24.37 63.2 36.75 ± 10.65 28.99 1.50 < 0.0001
FL (cm) 15.04 22.36 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 2.99 < 0.0001
FwD (mm) 5.5 16.93 8.3 ± 2.74 33.02 2.88 < 0.0001
HusT (mm) 10.13 21.3 15.49 ± 3.70 23.86 3.20 < 0.0001
SeN (n) 21.2 46.8 33.09 ± 7.59 22.93 1.15 0.02259
SI (g) 0.8 1.64 1.13 ± 0.26 23.34 1.80 < 0.0001
PI (n) 16.4 43.6 29.67 ± 8.32 28.03 1.41 < 0.0001
SeL (mm) 16.99 26.54 21.57 ± 2.78 12.89 3.45 < 0.0001
SeW (mm) 10.2 15.45 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) 4.88 9.5 7.21 ± 1.19 16.45 1.74 < 0.0001
SepW (mm) 1.44 2.97 2.14 ± 0.45 21.02 1.74 < 0.0001
PeL (mm) 3 6.44 4.52 ± 0.80 17.78 6.48 < 0.0001
PeW (mm) 1.24 2.8 1.93 ± 0.41 21.39 4.52 < 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 2.33 < 0.0001
OvW (mm) 0.72 1.6 1.16 ± 0.28 23.71 2.88 < 0.0001
StyL (mm) 1.3 2.98 2.31 ± 0.36 15.76 2.97 < 0.0001
Ov/o (n) 22.4 47.4 35.59 ± 7.35 20.65 4.89 < 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  (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). CV =
coefficient of variability; F and p-value determined from analysis of variance.
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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%),
Marañón  (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 Yavarí (84.6%) river basin.

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

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

 

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 = 34.4
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 = 4.94
FW (g) 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 CHA 295 = 1.24 MOR 212 = 2.9
FwD (mm) ABI 418 = 5.5 MOR 216 = 16.93
HusT (mm) CHUN 5 = 10.13 UNG 50 = 21.3
SeN (n) CHA 291 = 21.2 ARR 400 = 46.8
SI (g) CHUN 12 = 0.8 AMZ 446 = 1.64
PI (n) ARR 400 = 16.4 YAV 459 = 43.6
SeL (mm) CHUN 15 = 16.99 UNG 55 = 26.54
SeW (mm) MOR 204 = 10.2 PAS 96 = 15.45
SeT (mm) CHUN 6 = 5.99 URI 178 = 12.02
SepL (mm) YAV 437 = 4.88 CHUN 9 = 9.5
SepW (mm) PUT 460A, YAV 437 = 1.44 AYP 8 = 2.97
PeL (mm) CHUN 16 = 3 AYP 1 = 6.44
PeW (mm) TAM 415 = 1.24 AYP 9, AYP 19 = 2.8
StL (mm) SAN 233 = 3.76 CHUN 4 = 7.04
OvL (mm) SAN 259 = 1.16 MOR 226 = 2.28
OvW (mm) CHUN 11 = 0.72 UTQ 423, YAV 475 = 1.6
StyL (mm) CHUN 8 = 1.3 UNG 63 = 2.98
Ov/o (n) UGU 129 = 22.4 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 (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/o).

 

 
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

river basinGroup 1 Group 2 Group 3 Group 4 Group 5

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
Marañón 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  cm,  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  ±

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 CV % 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 ± 0.2 a 9.99 ± 0.07 a 9.49 ± 0.21 b 9.76 ± 0.11 a 10.09 2.66 0.0318
LBL (cm) 14.46 ± 0.09 b 14.58 ± 0.24 b 14.98 ± 0.09 a 14.18 ± 0.26 b 14.47 ± 0.13 b 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 (g) 567.72 ± 5.78 575.01 ± 15.5 567.70 ± 5.73 558.57 ± 16.85 571.03 ± 8.52 13.91 0.16 0.9579
SFW (g) 108.10 ± 1.06 a 104 ± 2.85 a 95.80 ± 1.05 b 95.51 ± 3.10 b 95.80 ± 1.57 b 14.42 21.03 < 0.0001
SDW (g) 39.43 ± 0.38 a 37.79 ± 1.01 a 34.99 ± 0.37 b 34.80 ± 1.10 b 35.01 ± 0.56 b 14.06 21.55 < 0.0001
FL (cm) 18.90 ± 0.08 a 19.06 ± 0.21 a 18.94 ± 0.08 a 19.18 ± 0.22 a 17.95 ± 0.11 b 5.61 16.43 < 0.0001
FD (cm) 12.01 ± 0.05 a 8.92 ± 0.15 b 12.07 ± 0.05 a 11.66 ± 0.16 a 9.06 ± 0.08 b 6.60 348.70 < 0.0001
FL/FD 1.61 ± 0.01 c 2.14 ± 0.03 a 1.60 ± 0.01 c 1.68 ± 0.04 c 2.05 ± 0.02 b 9.63 176.65 < 0.0001
FwD (mm) 7.50 ± 0.08 c 7.45 ± 0.22 c 8.05 ± 0.08 b 6.62 ± 0.24 d 11.28 ± 0.12 a 13.43 196.41 < 0.0001
HusT (mm) 13.63 ± 0.11 b 13.50 ± 0.29 b 17.37 ± 0.11 a 11.38 ± 0.31 c 17.03 ± 0.16 a 9.50 230.96 < 0.0001
SeN (n) 33.17 ± 0.26 b 32.50 ± 0.69 b 32.74 ± 0.25 b 36.67 ± 0.75 a 32.96 ± 0.38 b 10.60 6.45 < 0.0001
SI (g) 1.20 ± 0.01 a 1.20 ± 0.03 a 1.08 ± 0.01 b 0.95 ± 0.03 c 1.07 ± 0.01 b 11.48 37.4 < 0.0001
PI (n) 27.86 ± 0.29 c 28.74 ± 0.77 c 30.65 ± 0.28 b 34.61 ± 0.84 a 30.45 ± 0.42 b 13.23 22.78 < 0.0001
SeL (mm) 20.53 ± 0.08 b 20.36 ± 0.21 b 23.54 ± 0.08 a 18.35 ± 0.22 c 20.67 ± 0.11 b 4.85 290.59 < 0.0001
SeW (mm) 12.43 ± 0.04 b 12.39 ± 0.1 b 13.33 ± 0.04 a 10.99 ± 0.11 d 11.39 ± 0.06 c 4.26 251.82 < 0.0001
SeT (mm) 8.97 ± 0.04 b 8.95 ± 0.12 b 10.06 ± 0.04 a 6.74 ± 0.13 c 9.08 ± 0.06 b 6.31 204.54 < 0.0001
SepL (mm) 7.36 ± 0.05 b 6.85 ± 0.12 c 7.06 ± 0.05 c 7.84 ± 0.13 a 7.14 ± 0.07 c 8.65 13.60 < 0.0001
SepW (mm) 2.13 ± 0.02 a 2.00 ± 0.05 b 2.15 ± 0.02 a 2.25 ± 0.05 a 2.13 ± 0.03 a 11.48 3.41 0.0092
PeL (mm) 4.14 ± 0.03 c 4.20 ± 0.08 c 5.07 ± 0.03 a 3.38 ± 0.09 d 4.53 ± 0.05 b 9.24 165.64 < 0.0001
PeW (mm) 1.74 ± 0.02 c 1.74 ± 0.05 c 2.13 ± 0.02 a 1.66 ± 0.05 c 2.02 ± 0.03 b 12.29 78.65 < 0.0001
StL (mm) 5.21 ± 0.03 b 5.08 ± 0.07 b 5.26 ± 0.03 b 5.99 ± 0.08 a 4.79 ± 0.04 c 7.15 53.71 < 0.0001
OvL (mm) 1.72 ± 0.01 a 1.66 ± 0.04 b 1.67 ± 0.01 b 1.57 ± 0.04 b 1.66 ± 0.02 b 11.33 4.55 0.0013
OvW (mm) 1.28 ± 0.01 a 1.27 ± 0.03 a 1.04 ± 0.01 d 1.11 ± 0.03 c 1.17 ± 0.02 b 12.26 73.40 < 0.0001
StyL (mm) 2.25 ± 0.01 b 2.26 ± 0.04 b 2.48 ± 0.01 a 1.90 ± 0.04 c 2.21 ± 0.02 b 8.23 72.96 < 0.0001
Ov/o (n) 38.23 ± 0.20 b 37.61 ± 0.54 b 29.83 ± 0.20 d 35.32 ± 0.59 c 42.01 ± 0.30 a 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/o). Means with the same letter in
a row 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.[34] 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[34].  Dias  et  al.[34] 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-
tions[32]. The high coefficients of variability (CV > 10%) for most traits
align  with  previous  findings  by  Motamayor  et  al.[35] who  reported
significant morphological variation in Amazonian cacao populations.

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.[36], who demonstrated
that cacao leaf characteristics are highly responsive to environmen-
tal  factors  such  as  light  intensity  and  water  availability[36].  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
García-Carrion[28].  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[13].  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  populations[37].  The  results  also  support  the
hypothesis  of  distinct  genetic  lineages  evolving  in  isolated  river
valleys[38,39],  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. Vásquez-García et al.[32] characterized 130 cacao genotypes
from  the  germplasm  bank  at  the  Instituto  Nacional  de  Innovación
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.[40], 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.[40],  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 diversity[13,38].
On  the  other  hand,  group  three,  which  includes  cacao  from  the
Aypena,  Marañón,  Nucuray,  Pastaza,  Ungumayo,  Ungurahui,  and
Urituyacu  River  basins,  exhibits  greater  homogeneity,  likely  due  to
the geographic proximity of these river basins around the Marañón
River[40].

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 cacao[20−25], sug-
gesting  potential  for  improvement  through  selective  breeding[41].
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.[13] 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  g[42].  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[43].

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[34].

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[44,45].

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 sustainability[39,46]. 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.[47] 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-Mora[48] 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
resistance[13].

The  morphological  diversity  observed  in  wild  cacao  across  river
basins  suggests  the  proposal  of  in  situ  conservation  strategies.

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. 
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