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with SNP markers linked to agronomic traits reveals signs of selection
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Abstract

The Amazonian cacao tree or the chocolate tree (Theobroma cacao L.) is cultivated to produce seeds, the valuable raw mate-
rial for the chocolate industry. However, cacao yield is hampered by diseases and low productivity. Cacao single nucleotide
polymorphism (SNP) markers associated with breeding and adaptive traits provide a genetic tool for improving selection and
reducing breeding cycles. Here, we genotyped 40 published SNPs associated with disease resistance and 11 SNPs with yield
traits in 346 accessions using the MassARRAY® system. These 51 SNPs were identified in different breeding experiments
in Costa Rica, Brazil, and Trinidad and Tobago. Four genetic clusters were identified, and two of them were observed in high
proportion in managed cacao, characterized by a high proportion of admixed individuals reflecting the man-made hybrids.
One cluster overrepresented in managed cacao is associated with the preference to keep superior flavor in cultivated cacao
from Criollo ancestry. Introgression of wild material collected in Peru associated with disease resistance to witches’ broom
disease (WBD) was also observed. Underutilized genetic resources were observed in managed cacao such as the Guiana
cacao, while previous agronomic evaluation has demonstrated its good yield potential. Yield and disease resistance traits
(mainly resistance to WBD) show divergence between wild and managed cacao (Fgp> 0.05) probably reflecting selection
during domestication, cultivation, and breeding efforts. Eleven SNPs showed a divergence between wild and managed cacao
and can be used to build breeding populations. New collections of wild cacao followed by agronomic evaluations can broaden
the genetic base of cultivated cacao, especially for such traits as disease resistance to frosty pod rot (FPR).
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Introduction

The cacao tree (Theobroma cacao L.) is a valuable crop tree
commonly cultivated in the tropics to produce seeds, the raw
material that sustains the global chocolate industry (Coe
and Coe 2013; Dand 2011). The putative origin of cacao is
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western Amazonia (Upper Amazon basin), and its natural
range includes the wide Amazon basin where the primary
gene pool of cacao is structured in twelve genetic clusters
(Gutiérrez et al. 2021a; Motamayor et al. 2008; Nieves-
Orduia et al. 2021, 2023; Sereno et al. 2006; Zhang et al.
2011, 2012). Seven of these genetic clusters were identified
in natural populations in western Amazonia, at the Ecuado-
rian-Peruvian Amazon, whereas one cluster is dominant in
eastern Amazonia and French Guiana (Cornejo et al. 2018;
Motamayor et al. 2008). Further population genetic analysis
on areas not yet studied can identify new clusters and potential
genetic resources for breeding (Nieves-Orduiia et al. 2023).
Cacao populations from western Amazonia were likely spread
by humans to Eastern Amazonia (Levis et al. 2017). This dis-
persal generated a gradient of cacao genetic diversity declin-
ing from west to east Amazonia (Cornejo et al. 2018; Mot-
amayor et al. 2008; Nieves-Orduiia et al. 2021). New evidence
based on ancient DNA suggests that admixed cacao genotypes
experienced human dispersal from the Peruvian Amazon and
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adaptation to new environments in Coastal Ecuador and North
of Colombia (Lanaud et al. 2024). In addition, the influences
of paleoclimates and forest refugial areas also shaped the dis-
tribution of cacao in Amazonia (Lachenaud 1997; Motamayor
et al. 2008; Thomas et al. 2012).

The cacao genetic resources are conserved mainly in two
international and several national collections (Bekele and
Phillips-Mora 2019). Continued deforestation in wild habi-
tats threatens wild cacao diversity if proper in situ conserva-
tion and new collections to enrich current ex sifu collections
are not implemented (Nieves-Orduiia et al. 2023). The Inter-
national Cocoa Quarantine Centre at the University of Read-
ing (ICQC, R) in the UK facilitates the global distribution
of pathogen-free plant material (Daymond 2018), but culti-
vated cacao represents only a fraction of the species’ genetic
diversity (Bennett 2003; Boza et al. 2014; Zhang et al. 2011;
Zhang and Motilal 2016). The global demand for chocolate
has increased cacao cultivation, but it is hampered by dis-
eases and low yield (Gutiérrez et al. 2016; Ploetz 2016). In
addition, there is evidence of deforestation linked to cacao
expansion mainly in west Africa (Hoang and Kanemoto
2021; Kalischek et al. 2023) but also increased forest cover
through agroforestry (Orozco-Aguilar et al. 2021). Com-
pared to advances in the productivity of tropical crops, such
as oil palm, average global cacao production has remained
low since 1961 (Morrissey et al. 2019).

Advances in cacao molecular marker-assisted breed-
ing and genomic selection can improve breeding popula-
tions and help to select high-yield and disease-resistant
cacao genotypes (Schnell et al. 2007). Still, cacao breeding
depends on the extensive genetic variation existing in wild
populations present in Amazonia (Motamayor et al. 2008;
Nieves-Orduiia et al. 2023). Genome-wide association stud-
ies (GWAS) and quantitative trait locus (QTL) mapping in
cacao have identified single nucleotide polymorphism (SNP)
markers linked to resistance to the black pod rot (BPR) dis-
ease caused by Phytophthora spp. (Gutiérrez et al. 2021b),
witches’ broom disease (WBD) caused by Moniliophthora
perniciosa (Motilal et al. 2016; Royaert et al. 2016), Cerato-
cystis wilt (CW) caused by Ceratocystis cacaofunesta (Fer-
nandes et al. 2018), and moniliasis or frosty pod rot (FPR)
caused by Moniliophthora roreri (Gutiérrez et al. 2021b). In
addition, SNPs linked to high-yield traits and sexual compat-
ibility were identified (da Silva et al. 2016; Fernandes et al.
2020). Thus, favorable identified genetic variation can be
exploited for improving the selection efficiency and reducing
breeding cycles.

We present here our research aimed to characterize a
diverse set of 346 reference cacao accessions representing
both wild and managed cacao genotyped at 51 published
SNPs associated with important cacao agronomic traits, such
as disease resistance, yield, and sexual compatibility, using
the MassARRAY® system (Agena Bioscience, Hamburg,
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Germany). Specifically, our aims were to (1) describe the
population structure and analyze genetic clusters in wild and
managed cacao, (2) identify new genetic resources for cacao
breeding based on SNP profiles, and (3) identify signatures
of selection for agronomic traits that differentiate wild and
managed cacao to assist breeding of superior cacao geno-
types. Using published phenotypic data, we aimed to also
validate disease resistance and yield associated SNP alleles,
and uncover valuable cacao accessions and new genetic
resources to be used in breeding efforts. The obtained SNP
profiles will be reported to the International Cocoa Germ-
plasm Database (ICGD). The accessions analyzed here are
in the public domain and can be accessed by any cacao-pro-
ducing country, facilitating the validation of results through
breeding programs and farm conditions.

Materials and methods
Germplasm and DNA isolation

The germplasm analyzed consisted of 346 cacao acces-
sions collected in wild habitats and from managed cacao.
The managed cacao included 168 clones representing dif-
ferent cultivars, selections, and breeding populations from
several groups such as Refractario, Estacién Experimental
Tropical (EET), United Fruit (UF), Imperial College Selec-
tion (ICS), Trinidad Select Hybrid (TSH), STAL (Selecao
Instituto Agronomico do Leste), Selecao Instituto do Cacau
(SIC), and Tropical Agriculture Research Service (TARS-
Series of cacao) (Turnbull and Hadley 2023). The wild
germplasm samples included 178 accessions, representing
mainly northwestern Amazonia (77% of the samples), which
is considered the hot spot of cacao genetic diversity (Clem-
ent et al. 2010; Cornejo et al. 2018), and French Guiana
(23%). The wild cacao germplasm represented a wide geo-
graphic distribution within the cacao primary gene pool,
including samples from five countries, mostly from Peru
(57%). They included accessions known as the Pound Col-
lection composed of groups coded as IMC, MO, NA, PA,
POUND, and SCA. These accessions were collected in the
1930s by Frederick J. Pound in the Peruvian Amazon while
searching for genotypes resistant to WBD that are now the
basis for breeding WBD-resistant cacao (Bartley 2005;
Zhang et al. 2011). More recent collections included cacao
accessions coded as LCT EEN collected in the Ecuadorian
Amazon (Allen 1988) and GU accessions from French
Guiana (Lachenaud 2015). Although collected in the wild
as seeds or budwood, these groups of accessions may have
experienced human intervention such as cultivation or trans-
location, considering the persistent effects of pre-Columbian
societies in plant domestication in Amazonia (Barlow et al.
2012; Clement et al. 2015; Levis et al. 2017). Among the
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accessions analyzed, 137 clones represented the ten genetic
groups identified by Motamayor et al. (2008): Criollo (3),
Amelonado (22), Nacional, which represent, traditional cul-
tivars (2), Curaray (10), Contamana (5), Guiana (15), Iquitos
(30), Marafion (32), Nanay (10), and Purus (8). The com-
plete list of samples studied is presented in Supplementary
Table S1. In addition, the ICGD (http://www.icgd.rdg.ac.
uk) provides updated agronomic details, geographic origin,
and passport data of the germplasm analyzed (Turnbull and
Hadley 2023).

The 346 cacao accessions analyzed are subject to inter-
national distribution under the International Treaty on Plant
Genetic Resources for Food and Agriculture (CacaoNet
2012) and were obtained thanks to the ICQC at the Univer-
sity of Reading, UK, and the germplasm cacao collection
held in the International Center for Tropical Agriculture
(CATIE) in Costa Rica. We used 1 cm? of fresh leaf tissue
per sample and the DNeasy 96 Plant Kit (Qiagen, Hilden,
Germany) for DNA extraction.

Selection of the SNP markers

We selected 51 cacao SNPs from the published data that
are supposedly associated with important agronomic traits
such as disease resistance (40 SNPs) and yield (11 SNPs),
and genotyped them in wild and managed cacao accessions
in our study (Table 1). This set of SNPs was identified by
GWAS and QTL analysis in cacao research centers at Trini-
dad (Motilal et al. 2016), Costa Rica (Gutiérrez et al. 2021b),
and Brazil (da Silva et al. 2016; Fernandes et al. 2018, 2020;
Royaert et al. 2016). The SNP panel included eight SNPs
associated with disease resistance to BPR (Gutiérrez et al.
2021b), 11 SNPs linked to WBD resistance (Motilal et al.
2016; Royaert et al. 2016), 16 SNPs related to FPR resist-
ance (Gutiérrez et al. 2021b), and five SNPs linked to CWC
resistance (Fernandes et al. 2018). In addition, the SNP set
included three SNPs associated with a number of seeds
(Motilal et al. 2016), four SNPs related to yield components
such as dry seed weight, number of pods harvested, aver-
age yield, and high pod index, respectively (Fernandes et al.
2020), and four SNPs associated with flower retention (as a
measure of self-compatibility) (da Silva et al. 2016).

Genotyping with MassARRAY system

The SNPs’ flanking sequences were obtained from the
published data (see Table 1) and were used to design
two SNP assays for the MassARRAY® system using the
Assay Design Suite V2.0 (Agena Bioscience 2015). Primer
adjustment, PCR amplification, SAP treatment, and iPLEX
reaction were done following the instructions of the manu-
facturer (Agena Bioscience 2019a). Allele calling was con-
ducted using Typer Analyzer v.5.0.2137 (Agena Bioscience

2019b). SNPs with at least 75% genotyping success call rate
across all samples were retained for further analysis, and the
same genotyping success call rate threshold was used for all
DNA samples. Thus, the final data set for further analysis
included 318 DNA samples and 42 SNPs (Supplementary
Tables S1, S2, and S3).

Data analysis

Analysis of molecular variance (AMOVA) and Fgp between
wild and managed cacao, Fgy per locus, and principal coor-
dinate analysis (PCoA) were performed in GenAlEx 6.5
using 999 permutations (Peakall and Smouse 2012). Analy-
sis of population structure and admixture was done using
STRUC-TURE 2.3.4 (Pritchard et al. 2000) with the admix-
ture model and correlated allele frequencies of 42 SNPs by
testing from K=1 to K= 10 subpopulations with 10 repeti-
tions for each K. The numbers of burn-ins and iterations
were 10,000 and 100,000, respectively. Structure Harvester
0.6.94 (Earl and vonHoldt 2012) was used to determine
the most likely number of clusters (K) using the delta K
Evanno method, and obtained results were visualized using
CLUMPAK (Kopelman et al. 2015).

An UPGMA dendrogram based on the pairwise Nei’s
standard genetic distance matrix of individuals genotyped
for 42 SNPs was generated using Populations 1.2.32 (Lan-
gella 2001) with 999 bootstraps on loci and visualized using
Interactive Tree of Life (iTOL) 6.7.4 (Letunic and Bork
2021).

Phenotypic trait data to validate favorable SNPs associ-
ated with agronomic traits were collected from published
data and the International Cocoa Germplasm Data Base
(Turnbull and Hadley 2023). Based on these published data,
accessions were described as either susceptible or tolerant/
resistant, while no clear distinction was made between the
terms tolerant and resistant. Fisher’s exact test was cal-
culated in Statistica (StatSoft Europe GmbH, Hamburg,
Germany) to compare genotype distributions of wild and
managed cacao, and of resistant-tolerant and susceptible
germplasm to WBD and CW. Relative genotype frequencies
per SNP were calculated in Excel (Microsoft Corporation,
Redmond, Washington, USA). The map showing the geo-
graphic distribution of identified cacao clusters was devel-
oped using ArcGIS software (Www.esri.com).

Results

Genetic structure of accessions observed in wild
and managed cacao

Although the structure analysis did not resolve the exact
ten genetic clusters identified earlier in cacao populations
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based on microsatellite markers (Motamayor et al. 2008),
it suggests four most likely clusters (K=4) for the studied
accessions based on 42 SNPs (Fig. 1 and Supplementary
Figs. S1 and S2).

We observed a clear pattern of differentiation of the wild
germplasm when it was arranged from west to east Amazo-
nia. Accessions collected in the Ecuadorian Amazon showed
a high admixture proportion of cluster two (Fig. 1A). Cluster
one was observed in high proportion in the Peruvian Ama-
zon. The IMC, NA, and PA germplasm series collected
around Iquitos, Peru, have similar structure and are domi-
nated by cluster one, but the PA series also admixed much
with the fourth cluster (Fig. 1B). The MO series collected
in Peru has a high admixture from the third cluster, which
has a high representation in managed cacao. The SCA series
shows a high proportion of the second cluster. The acces-
sions collected in French Guiana can be distinguished by a
high admixture from the fourth cluster (Fig. 1). No private
alleles were observed in the data set, likely due to the limited
number of samples and SNPs studied here.

Fig. 1 Genetic admixture of /
four clusters identified in wild :
and managed cacao accessions

based on 42 SNPs. a geographic
distribution of clusters 1-4 a
in wild cacao. b Q-values of

individual wild cacao acces-

sions arranged along their

geographical location from west

to east Amazonia. ¢ Q-values

of individual managed cacao

accessions arranged from high

to low admixture of the second

cluster. MO (Morona), IMC

(Iquitos Mixed Calabacillo), NA
(Nanay), POUND, PA (Pari-

nari), and SCA (Scavina) are the

names of groups of accessions

from the Pound Collection

We observed that managed cacao accessions have mainly
admixture from the second and third clusters, with a little
admixture from the first cluster (Fig. 1). A high proportion
of the second cluster was observed in the Criollo accessions
(Criollo 12, 13, 65), which represent the first domesticated
cacao (Cornejo et al. 2018). A higher proportion of the third
cluster was observed in clones developed in Brazil, such
as SIAL and SIC. In addition, we identified underrepresen-
tation of the fourth cluster associated with Guiana acces-
sions. Overall, managed cacao includes largely admixed
accessions, reflecting hybrids in breeding populations and
cultivars such as UF, ICS, TARS, CCN 51, and CATIE R6
(Fig. 1 and Supplementary Fig. 2B).

Although there is an overlap between wild and managed
cacao in the PCoA, we observed some clustering trends in
wild cacao and managed cacao (Fig. 2). Geographically,
accessions collected in eastern Amazonia, GU-Guiana, are
clustered in the lower left of the PCoA. While wild acces-
sions collected in western Amazonia tend to be clustered
on the right side of the PCoA, accessions such as SCA

Brazil

Cluster

E1l
=2
=3
04

Bolivia

o

Northwester Amazon Eastern Amazon
M 1
FLet Een MO IMC NA  POUND PA scA |
wild
cacao
Managed
cacao
Criollo  UF273 1CS46 TARS34 CCN51 ICS60 CATIER6 1CS39 SIC; SIAL
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Principal Coordinates (PCoA)

Pound 7
SIALand SIC @
accessions
CCN 51

TSA 1188

Coord. 2
°

Guiana
accessions L4
®

Coord. 1

Fig. 2 Principal coordinates analysis (PCoA) of 318 cacao accessions
based on genetic distance matrix estimated with 42 SNP markers
linked to agronomic traits. The first component of the PCoA explains

collected in central Peru are located in the lower right of
the PCoA (Fig. 2). The dendrogram shows a similar pattern
as the PCoA, the Guiana accessions are separated as a dis-
tinct group, sister to another group represented by a subset
of accessions of managed cacao. The rest of the accessions
of managed cacao are not well-resolved in the dendrogram
(Fig. 3).

Managed cacao accessions tend to be clustered in the
upper left of the PCoA, specially selected cacao such as SIC
and SIAL developed in Bahia, Brazil, but Criollo accessions
(Criollo 12, 13, 65) are clustered on the right side. Within
the managed cacao, cultivars and selections of high use in
breeding programs such as CCN 51 and UF 273 type 1 are
located in the center of the PCoA. CCN 51 is plotted closely
to RB 39, which is resistant to WBD. Wild accessions genet-
ically close to UF 273 type 1 include PA series, such as PA
169 and PA 4. PA 4 has resistance to WBD and BPR, and
PA 169 is commonly used as a source of resistance to BPR
and FPR (Turnbull and Hadley 2023). The accessions IMC
6 and IMC 31 are both characterized for having a low pod

@ Springer

CATIE R6

»EBC
AGU
; #COCA
e eSPA
° o APA
. criollo 12 o CUR
oo AR o LCTEEN
MO
AMAZ
IMcC
o NA
= #POUND
° [ ] PA
TSA 656 ° TAP
° eSCA
@ Ucayali
° eCSUL
RB
o GU

managed
cacao

13.09% of the total variation, and the second component explains
8.31%. Different dot colors represent different wild accessions; open
green circles depict managed cacao accessions

index (high yield) and resistance to Phytophthora (Turnbull
and Hadley 2023) and are closely plotted to UF 273 type 1
in the PCoA (Fig. 2).

Agronomic traits showing divergence between wild
and managed cacao

AMOVA analysis indicated that 5% of the total variation was
caused by variation between wild and managed cacao, 37%
by the variation among individuals, and 58% by the variation
within individuals (Table 2). In addition, 11 SNPs showed
Fgr values above 0.05, indicating moderate genetic differen-
tiation between managed and wild cacao. Six of these SNPs
had Fgy; values greater than 0.10, suggesting strong diver-
gence between the two groups at these markers (Table 3).
Three SNPs associated with yield traits showed high
divergence between wild and cultivated cacao. Among
these SNPs, Tem004s00289192 (Fgr=0.160, P <0.001) was
linked to dry bean weight and high yield, and TcSNP1370
(Fgr=0.054, P<0.001) was associated with the number of
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Fig.3 UPGMA dendrogram of 318 cacao accessions based on Nei’s standard genetic distance of individuals estimated with 42 SNPs linked to
agronomic traits. Clades supported by significant bootstrap values (above 50%) are shown with respective values

Table 2 Analysis of molecular

. . Source d.f Sum of squares Means squares Est. var % of total Fgr
variance (AMOVA) in the R
. variation
genotyped managed and wild
cacao groups Among groups 1 144.295 144.295 0.415 5 0.046*
Among individuals 316 3886.551 12.299 3.470 37
Within individuals 318 1704.000 5.358 5.358 58
Total 635 5734.846 9.244 100%
*P<0.001

seeds per fruit. Tcm002s23708704 (Fg;=0.107, P <0.001)
was related to the pod index, a measure of yield in com-
mercial plantations. TcSNP1866 was associated with flower
retention and had the highest Fg;=0.260 (P <0.001)
between wild and managed cacao. Figure 4 shows the
relative genotype frequency of SNPs showing pronounced
divergence between wild and managed cacao and results of
Fisher’s exact test.

Managed and wild cacao showed also high divergence
in disease resistance traits, especially in WBD resistance.
We observed five SNPs significantly differentiated between
managed and wild cacao that are associated with WBD
resistance: Tem006s19715703 (Fgr=0.146, P <0.001),
Tem004s00110232 (Fgr=0.101, P <0.001), TcSNP1230
(Fgr=0.083, P<0.001), Tcm003s33466269 (F¢r=0.067,
P <0.001), and Tcm009s08066239 (F4p=0.063; P <0.001).
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Table 3 Eleven SNPs associated with agronomic traits showing significant divergence between managed and wild cacao (Fgp>0.05)

Agronomic trait SNP ID Fyr Chr  Gene? Description”
Flower setting (as a measure of ~ TcSNP1866 0260 4 n/a N/A
self-compatibility)

Dry bean weight / high yield Tem004s00289192  0.160 4 Thecc.04G002600  Family of uncharacterized protein function

Witches’ broom disease (WBD)  Tem003s33466269  0.064 3 Thecc.03G307700  RNA-binding family protein
Tem004s00110232  0.101 4 Thecc.04G000500  UDP-glucose pyrophosphorylase 2
Tem006s19715703  0.147 6 Thecc.06G104900  Hydroxyproline-rich glycoprotein family protein
TcSNP1230 0.082 8 Thecc.08G127800  PDI-protein disulfide isomerasel-1
Tem009s08066239  0.065 9 Thecc.09G141300  RING/U-box superfamily protein

Ceratocystis wilt (CW) Tem006s13222057  0.123 6 Thecc.06G070400  Peptide deformylase 1A

Pod index’ Tem002s23708704  0.107 2 Thecc.02G221200  Elongator protein 2

Moniliasis (FPR) Tem009s40465466  0.061 9 Thecc.09G335000  Pseudo-response regulator 7

Number of seeds TcSNP1370 0.054 1 Thecc.01G096000  Histone superfamily protein

All Fgp values were significant at P <0.001
Chr chromosome

Pod index: number of fruits needed to produce 1 kg of dry seeds; a low pod index (e.g., 14-20) is preferred because it helps to select trees that

yield heavier and larger seeds (Bekele et al. 2020)

2Gene ID and description based on Matina reference cacao genome (Theobroma cacao v2.1) (Motamayor et al. 2013) available at https:/phyto

zome-next.jgi.doe.gov/info/Tcacao_v2_1

In addition, Tem006s13222057 (Fgp=0.155; P <0.001)
associated with resistance to CWC and Tecm009s40465466
(Fgp=0.066; P <0.001) related to FPR resistance were also
significantly differentiated between managed and wild cacao
(Table 3).

Figures 5 and 6 show the genotype frequencies for the
SNPs Tcm004s00110232 and Tcm006s13222057 among
cacao accessions resistant, tolerant, and susceptible to WBD
and CW, respectively. Germplasm with resistance (n=58)
and tolerance (n=25) to WBD showed a significantly higher
frequency of the CT and TT genotypes (Tcm004s00110232),
and the CC genotype showed a low frequency in resistant
plants, while all susceptible plants (n=9) showed the TT
genotype (Fig. 5). In addition, germplasm evaluated as
resistant (n=28) and tolerant (n=16) to CW showed a
higher frequency of GG and GT (Tcm006s13222057) geno-
types, while the TT genotype was common in susceptible
(n=21) plants. However, these differences were not statisti-
cally significant (P=0.7910, Fig. 6).

Discussion

Low population structure in managed cacao

With our set of SNPs, we did not identify the ten genetic
clusters observed earlier by Motamayor et al. (2008)
based on 96 simple sequence repeat (SSR) markers. It is

not surprising, considering a limited set of nonrandom
42 SNPs that we used in our study, which could be also
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under selection. However, we still identified four clusters
reflecting the geographic origin of wild samples, with the
second and third clusters being overrepresented in man-
aged cacao, mainly consisting of hybrids (Fig. 1). This
population pattern in managed cacao is in agreement with
observations made by Cornejo et al. (2018). They analyzed
the genome sequence of 200 cacao accessions and identi-
fied that cultivated cacao and man-made hybrids are mainly
composed of two clusters, Criollo and Amelonado, with a
low admixture of the Nacional cluster (Cornejo et al. 2018).
Population genetic analysis demonstrated that Criollo was
the first domesticated cacao and provides the foundations
of cultivated cacao until today, mostly due to flavor and
chocolate attributes (Lachenaud and Motamayor 2017; Mot-
amayor et al. 2002). Our results confirm that a narrow cacao
genetic diversity has been used in managed cacao likely due
to retaining quality traits derived from Criollo observed in
the second cluster in our analysis.

Cornejo et al. (2018) also observed that a higher Cri-
ollo ancestry in man-made hybrids is associated with low
yield (seed productivity per year per plant) mainly due to the
accumulation of deleterious mutations which led to reduced
fitness in Criollo during the domestication process (Cornejo
et al. 2018). The high contribution of Criollo to cultivated
cacao helps to explain the low yield on average reported
in cultivated cacao globally (Morrissey et al. 2019) and its
susceptibility to BPR, WBD, and FP diseases (Ploetz 2016).
To capture new genetic diversity and to broaden the genetic
base for future breeding activities, new plant collections in
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Fig.4 Distribution of cacao genotypes for SNPs related to agro-
nomic traits in the wild and managed cacao accessions. a SNP mark-
ers related to yield traits: flower retention (da Silva et al. 2016); dry
bean weight/high yield and high pod index (Fernandes et al. 2020).

northwestern Amazonia should be incorporated into cacao
breeding programs (Nieves-Orduiia et al. 2023).

In addition, the representation of the first and third clus-
ters in managed cacao likely reflects gene introgression from
the Pound Collection. The collection includes accessions
MO, IMC, NA, SCA, and PA collected in the Peruvian Ama-
zon while searching for trees resistant to WBD (Zhang et al.
2011). The Pound collection has been widely used in cacao
breeding for developing disease resistance after the collapse
of plantations in Surinam, Trinidad, Ecuador, and Brazil due
to the introduction of WBD (Zhang et al. 2011). PA series
also have been used for developing disease resistance against
BPR and FPR (Zhang et al. 2011).

Genetic resources for cacao breeding

Guiana (GU) accessions were identified mainly in cluster
four in our structure analysis and observed with a very low
frequency in managed cacao (Fig. 1). The underutilization
of Guiana accessions in cultivated cacao was also observed

b SNP markers related to disease resistance traits: witches’ broom
disease (Royaert et al. 2016) and Ceratocystis wilt (Fernandes et al.
2018).*Significant difference between wild and managed cacao based
on Fisher’s exact test (P <0.05)

by Cornejo et al. (2018). These findings highlight opportuni-
ties to exploit the GU accessions for cacao breeding. Early
studies reported cacao trees from French Guiana as novel
sources of resistance to BPR and WBD and high yield (up to
1426 kg of dry seeds/year/ha) (Lachenaud et al. 2007; Pau-
lin et al. 2008). This was supported by Ofori et al. (2020),
who observed that GU accessions can broaden the genetic
base of cacao breeding not only for BPR resistance but also
for yield in Ghana (Ofori et al. 2020). In addition, Guiana
accessions in Central America showed moderate resistance
to FPR (Lachenaud et al. 2018), an essential agronomic trait
for cacao cultivation in Tropical America (Evans et al. 1977;
Gutiérrez et al. 2021b; Phillips-Mora et al. 2005, 2013). A
detailed agronomic evaluation of multiple Guiana accessions
is presented by Lachenaud et al. (2007). The best clones and
those to be avoided were identified based on yield, disease
resistance (BPR and WBD), and seed quality traits. The
preselection of the best Guiana germplasm facilitates the
introgression of new and valuable genetic diversity resources
into cacao breeding programs (Lachenaud et al. 2007).
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Fig.5 Genotype frequencies for the SNP Tcm004s00110232 related
to witches’ broom disease (WBD) among cacao (Theobroma cacao
L.) accessions with resistance, tolerance, or susceptibility to WBD.
Number of accessions is provided in brackets. Reaction to WBD
reported by the International Germplasm Cocoa Database (https://
www.icgd.reading.ac.uk/index.php). *Significant difference between
resistant-tolerant and susceptible groups based on Fisher’s exact test
(P=0.0026)

Yield and disease resistance: agronomic traits
showing divergence

Cacao yield traits and disease resistance to WBD showed pat-
terns of divergence between wild and managed cacao accessions
(Table 3). These patterns are associated with the history of cacao
domestication, cultivation, and selection. After initial selection
for pulp flavor and seed traits in the sister Curaray population
on the Ecuador-Colombia border, human selection led to the
domestication of Criollo cacao~3600 years ago (Clement
et al. 2010; Cornejo et al. 2018). In addition, evidence based
on ancient cacao DNA supports the consumption of cacao in
the Ecuadorian Amazon around 5300 years ago; the DNA ana-
lyzed was closer to the Curaray and Purus clusters than to other
cacao clusters (Zarrillo et al. 2018). The genetic cost of cacao
domestication led to the accumulation of deleterious mutations,
susceptibility to diseases, and low yield in Criollo (Cornejo
et al. 2018). Criollo with larger seed size, white cotyledons,
and reduced bitterness was distributed and cultivated outside
the Upper Amazon by native Americans in Northern Colombia
and Mesoamerica (Cornejo et al. 2018; Motamayor et al. 2002).
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Fig. 6 Genotype frequencies for the SNP Tem006s13222057 associ-
ated with Ceratosystis wild disease among cacao (Theobroma cacao
L.) accessions with resistance, tolerance, or susceptibility to Cera-
tosystis disease. Number of accessions is provided in parentheses.
Reaction to Ceratosystis disease reported by the International Germ-
plasm Cocoa Database (https://www.icgd.reading.ac.uk/index.php).
No significant difference between resistant-tolerant and susceptible
based on Fisher’s exact test (P=0.7910)

Criollo cultivation expanded during colonial times through
Tropical America (Bartley 2005), especially in Trinidad,
where some blast destroyed the crop in 1727 (Diaz-Valder-
rama et al. 2020). This collapse in cacao production led to
the introduction of new plant material from upper Amazonia,
which hybridized naturally with the cultivated Criollo and
formed a hybrid cultivated cacao known as Trinitario germ-
plasm (Zhang et al. 2011). From these vigorous hybrids, a
breeding program was started in 1930 by the Imperial College
of Tropical Agriculture of Trinidad focused on yield traits
(Toxopeus 1969). The best trees were selected based on the
number of seeds per pod and bean weight, which resulted in
100 trees known as the Imperial College Selection (Toxopeus
1969). The mean seed weight was an important trait due to
the premium price for large seeds in the market (Toxopeus
1969), a trait that still is considered of economic importance
in modern cacao breeding programs (Bekele et al. 2022). In
addition, after the introduction and impact of WBD in 1932,
new wild material with disease-resistance traits was needed
in Trinidad. The material searched and collected from the
Peruvian Amazon in 1937-1938 includes accessions known
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as the Pound Collection. This collection created the genetic
base for developing breeding resistance against WBD glob-
ally (Bartley 2005; Diaz-Valderrama et al. 2020; Evans 2016;
Zhang et al. 2011).

In Brazil, the low genetic diversity of cultivated cacao
led to the collapse of cacao economies in 1989 due to the
introduction of WBD in Bahia (Bennett 2003; Evans 2016).
In response, breeding programs started in Brazil to broaden
the genetic base of cultivated cacao and evaluated germ-
plasm collections for developing resistance against WBD
(Bennett 2003).

SNPs related to flower setting (sexual compatibility)

Within accessions analyzed here, we observed TcSNP1866
with the highest F¢; value of 0.260 showing pronounced
divergence between wild and managed cacao (Table 3). This
SNP was identified in a GWAS study using 295 trees and
5301 SNPs, and incompatibility was measured as the fre-
quency of flower retention 15 days after self-pollination (on
average, 21 flowers were self-pollinated per tree) instead
of a yes/no trait (da Silva et al. 2016). Previous studies in
cacao highlighted that thousands of individuals are neces-
sary to avoid bias in the estimation of SNP effects associated
with small sample sizes (da Silva et al. 2016). In addition,
flower dropping is influenced by rainfall, high temperature,
or insects’ attack which can introduce underestimation in
flower retention values (da Silva et al. 2016). Thus, the
effect of genotype CC (TcSNP1866) associated with a high
percentage (33%) of flower retention may be influenced by
small sampling sizes and/or environmentally induced flower
dropping (da Silva et al. 2016). From the breeders’ perspec-
tive, to select self-compatible trees, it is recommended to
implement genomic selection which considers thousands of
SNPs (da Silva et al. 2016).

Clones common to cacao breeding, including disease-
resistant and commercial trees are self-incompatible (Lopez
et al. 2021; Phillips-Mora et al. 2013). Self-incompatibility
in cacao requires plantation designs where cross-compatible
clones are established to foster the exchange of pollen and
field production (Lépez et al. 2021; Phillips-Mora et al.
2013). Since incompatibility is a limiting factor in cacao
yield, a common breeding objective is to avoid self-incom-
patible trees in breeding populations (L6pez et al. 2021).

Although we do not have information on the percentage
of flower retention after self-pollinations in the accessions
genotyped here that would allow us to validate the pheno-
types associated with TcSNP1866, we observed a signifi-
cantly lower frequency of the genotype CC associated with
self-compatibility (da Silva et al. 2016) in managed cacao
(Fig. 4A), which may reflect the fact that breeding popu-
lations and advanced selections include self-incompatible
trees. For example, self-compatibility was evaluated in

commercial clones such as EET (62, 95, 96, 400), CAU-
CASIA (37, 39, 43, 47), ICS (1, 6, 39, 60, 95), and UF (29,
273,613, 667, 676) (Lopez et al. 2021). These clones (5 to
10 years old) were self-pollinated, and the mean fruit set was
24% across clones, indicating partial self-incompatibility
(Lopez et al. 2021). The genotypes (n=18) for these incom-
patible clones indicated a higher proportion of the homozy-
gous GG (56%), followed by CC (39%) and CG (6%).

As self-compatibility is not absolute in cacao (Lopes et al.
2022), the observation of the genotype CC (TcSNP1866) at
higher frequency in wild cacao reflects some degree of self-
compatibility in wild populations (Fig. 4A). This could be
due to the geographic origin of wild trees observed isolated
along river basins and pollinated by midges with a reduced
range of movement (Lopes et al. 2022). Accordingly, lev-
els of homozygosity above 70% were observed among wild
accessions genotyped with genome-wide SNPs (3 K) (Lopes
et al. 2022).

SNPs related to yield and pod index

Cacao yield (kg of dry seeds/year/ha) is a polygenic complex
trait, at least 40 candidate genes of functional importance
encode embryo and seed development, protein synthesis,
carbohydrate transport, and lipid biosynthesis and transport
(Bekele et al. 2022). In addition, yield components such as
the number of pods produced per tree and bean dry weight
per pod are influenced by genotypes, environment, agro-
nomic management (e.g., fertilization, shade, irrigation),
and diseases (Bartley 2005; Doaré et al. 2020; Fernandes
et al. 2020; Phillips-Mora et al. 2013; Solis Bonilla et al.
2022). Disease pressure also influences yield, as high-yield-
ing clones with disease resistance traits exhibited a low dis-
ease incidence (Phillips-Mora et al. 2013). But, the same
clone can exhibit varying yield potential due to exposition
to different pathogen strains (variations in disease pressure)
(Jaimes et al. 2011, 2019). Disease management in cacao
farms also affects the yield potential of clones (Jaimez et al.
2020). For example, removal of FPR-infected pods is a com-
mon practice to reduce disease incidence and increase tree
productivity (Jaimes et al. 2019; Jaimez et al. 2020).

The SNP Tecm004s500289192 related to yield showed a
pronounced divergence between wild and managed cacao
(Table 3). Within accessions analyzed here, we observed
the homozygous genotype GG more frequently in managed
cacao (Fig. 4A). Among the accessions with the GG geno-
type are advanced selections such as ICS, UF, TARS, and
EET clones. The heterozygous genotype AG was observed
in high-yielding clones such as TARS, CATIE R6, CCN
51, and VB clones. The allele G (Tcm004s00289192) is
associated with a higher yield (Fernandes et al. 2020). Fer-
nandes et al. (2020) identified copy-number variations of
SWEET (Sugar Will Eventually be Exported Transporters)
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genes between the markers Tcm(004s00289192 and
Tem004s00615809 on chromosome IV. Likewise, a recent
GWAS using a diverse cacao germplasm in Trinidad identi-
fied SNP markers within the genes SWEET17 (chromosome
4) and SWEET?2 (chromosome 7) related to cacao yield traits
such as pod index and seed number (Bekele et al. 2022).
Sweet proteins are a family of sugar transporters important
for plants' biological processes such as growth, develop-
ment, and response to abiotic and biotic stresses (Singh et al.
2023). SWEET genes in cultivated tree species such as apple
(Malus x domestica) contribute to fruit sugar accumulation
(Zhen et al. 2018), and in Litchi chinensis, they played roles
in fruit development, growth, and seed development (Xie
et al. 2019). SWEET4 also contributed to rice and maize
domestication by enhancing seed sizes as it facilitates sugar
transport during grain filling (Sosso et al. 2015). Further
characterization of cacao SWEET genes in wild and culti-
vated cacao can help to identify alleles contributing to cacao
domestication and validate useful alleles for improving yield
traits in cacao.

In cacao breeding, pod index is defined as the number
of pods (fruits) necessary to produce 1 kg of dry seeds; a
low pod index (14-20) is associated with high yield poten-
tial and heavier seeds (Bekele et al. 2020; Fernandes et al.
2020). Early breeding programs in Trinidad (1940s) focused
on yield and pod index; selected trees exhibited a low pod
index (18) and higher yield (1000 kg/ha) (Toxopeus 1969).
The pod index also showed a high narrow-sense heritabil-
ity (0.64) and stability across different sites at two farms in
Babhia, Brazil, making the trait a target of selection (DuVal
et al. 2017). In addition, a low pod index is also selected
in germplasm collections and breeding populations because
less healthy fruits are necessary to produce 1 kg of dry
cacao, meaning less costs associated with harvesting and
pod breaking (Bekele et al. 2020; Solis Bonilla et al. 2022).
The SNP Tcm002s23708704 related to pod index showed a
divergence between wild and managed cacao (Table 3), and
Fernandes et al. (2020) reported the A allele to be associated
with high pod index. We observed the genotype AA (SNP
Tcm002s23708704) at low frequency in managed cacao
compared to wild cacao (Fig. 4A). Although we do not have
phenotypic information for the accession genotyped here,
the low frequency of the A allele in managed cacao may
reflect the continued selection favoring a low pod index in
breeding populations and cultivated cacao.

SNPs related to witches’ broom disease (WBD)
resistance

WBD is a devastating disease for cacao cultivation (Evans
2016). To improve disease resistance, cacao breeders use
SCA 6 and SCA 12 clones as primary sources for breeding
WBD resistance (Gutiérrez et al. 2016). However, due to the
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susceptibility of SCA clones under high disease pressure,
there was a need to identify new sources of resistance. In this
effort, Pereira et al. (2021) identified new clones, such as C
SUL-3 and GU-171, resistant to WBD in Bahia, Brazil. In
addition, new expeditions to the Peruvian Amazon collected
280 cacao trees to diversify the gene pool and resistance
to WBD (Durham 2011). Native to Amazonia but widely
distributed in South America, WBD has different patho-
gen strains (Lisboa et al. 2020; Ploetz 2016). Thus, a major
breeding objective is to develop cultivars with broad WBD
disease resistance (Meinhardt et al. 2008). WBD resistance
is a complex trait involving at least sixteen candidate resist-
ance genes identified using genome-wide association studies
(GWAS) (Osorio-Guarin et al. 2020) and quantitative trait
locus (QTL) analysis (Chia Wong et al. 2022; Mournet et al.
2020; Royaert et al. 2016).

The SNP Tecm004s00110232 related to WBD resist-
ance showed divergence between wild and managed cacao
(Table 3). We inferred the data on reaction to WBD for 92
samples (30%) from the ICGD (Turnbull and Hadley 2023),
while 219 (70%) have no data available. The phenotypic
data reported are from different WBD studies (Turnbull and
Hadley 2023), and due to region-specific differences among
studies, likely responses to different pathogen strains were
assessed. The genotypes CT and TT (Tcm004s00110232) are
highly represented in resistant (n=58) and tolerant (n=25)
plants (Fig. 5). The genotype CT observed in the clone
TSH 1188 was reported as WBD-resistant by Royaert et al.
(2016). In addition, the genotype CC (Tcm004s00110232)
was observed only in resistant germplasm (Fig. 5). These
results are in agreement with Lachenaud et al. (2007) that
reported the observed homozygous CC in resistant to WBD
Guiana clones (GU 171 /C; GU 219 /F; GU 221 /C; GU
261 /P; GU 277 /G) (Lachenaud et al. 2007; Turnbull and
Hadley 2023).

The genotype TT (Tcm004s00110232) was detected in all
nine accessions reported as susceptible to WBD (Fig. 5), but
more samples for this category with other genotypes could
probably be detected. This reaction to WBD is explained
by distinct variants of M. perniciosa (range of pathogen
aggressiveness) and pathogen adaptation to resistant trees
such as SCA 6 (Artero et al. 2017; Pereira et al. 2021; Roy-
aert et al. 2016). For example, in Bahia, Brazil, a decrease
in resistance of SCA clones to WBD has been reported due
to continuous and high disease pressure (Pereira et al. 2021).
The fact that the SCA clones have been the main source for
breeding WBD resistance motivated the search and evalu-
ation of new sources of disease resistance from different
geographical areas (Durham 2011; Pereira et al. 2021). In
addition, disease resistance is a polygenic trait with each
gene explaining a relatively small portion of the variation
in disease resistance.
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The majority of wild accessions here genotyped cor-
respond to a subset of samples collected during the
1930-1940s in Peru by Frederick J. Pound (see “Materials
and methods” section), whose main purpose was collect-
ing cacao trees exhibiting WBD disease resistance traits
(Bartley 2005; Zhang et al. 2011). This explains why the
favorable allele T (Tcm004s00110232) was observed at a
high frequency in wild cacao (Fig. 4B). The high frequency
of genotype CT in managed cacao reflects the hybridization
of managed cacao with wild cacao accessions. For example,
a total of 191 crosses used SCA 6 (low yield but resistant
to WBD) as a parent for the incorporation of disease-resist-
ance traits in cultivated cacao (Turnbull and Hadley 2023).
As a result, commercial hybrids such as ICS, TSH, EET,
EQX, and TARS with various levels of WBD resistance
were developed using SCA 6 (Turnbull and Hadley 2023).

SNPs related to Ceratocystis wilt (CW) resistance

CW targets the cacao vascular system and causes the death
of infected trees (Engelbrecht et al. 2007). The disease is
caused by the host-specialized fungus Ceratocystis cacao-
funesta, which is native to South America (Western Ecua-
dor and Southwest Brazil) (Engelbrecht et al. 2007). The
disease is geographically restricted to Tropical America.
Still, it threatens the cacao economy because it can be dis-
persed to important cacao-producing regions such as West
Africa and Asia (Engelbrecht et al. 2007). Early reports in
the 1950s described CW causing damage to cocoa farms in
Colombia, Ecuador, Costa Rica, and Trinidad, and in 1997,
it was observed in Bahia, Brazil (Cabrera et al. 2016). Breed-
ing for disease resistance is gaining attention as germplasm
selected for WBD resistance in Brazil such as “Theobahia”
shows susceptibility to CW (Fernandes et al. 2018; Lopes
etal. 2011).

The SNP Tem006s13222057 is associated with resistance
to CW (Fernandes et al. 2018). This SNP shows significant
differences between wild and cultivated cacao populations
(Table 3). To investigate the relationship between SNP geno-
types and CW resistance, we searched in the ICGD for the
reaction to CW among the accessions genotyped (Turnbull
and Hadley 2023). Only 65 accessions (21%) have reported
data on the CW reaction (resistant, tolerant, or susceptible),
while 249 accessions (79%) have no data available. Among
the accessions with reported data, we observed that the
resistant (n=28) and tolerant (n=16) groups had a high
frequency of the G allele (Tcm006s13222057). The geno-
types GT and GG were more frequent in the resistant and
tolerant group, respectively, while in the susceptible group,
the genotype TT is prevalent (Fig. 6). However, these differ-
ences were not significant, likely, due to small sample size.
These results are, however, consistent with the QTL analysis

by Fernandes et al. (2018) that identified the G allele as a
marker for CW resistance.

We observed the genotype GG at high frequency in wild
cacao (Fig. 4B). Among these accessions, the IMC clones
(IMC 11, 31, 47, 60, and 67), PA 121, POUND (12, 12A),
SCA (6, 12), and U (26, 70) were reported as resistant to CW
(Turnbull and Hadley 2023). The wild accession IMC 67 is
frequently used in cacao breeding programs for its resist-
ance to CW and vegetative vigor and is widely used as a
rootstock (Cabrera et al. 2016; Osorio Montoya et al. 2022).
IMC 67 was used in 145 crosses for developing cultivars
and breeding populations of the series CEPEC, EET, EQX,
TSH, and TSH (Turnbull and Hadley 2023). However, IMC
67 was reported to be resistant to the Ecuadorian isolate
but susceptible to the Brazilian strain (Cabrera et al. 2016),
highlighting the need for new (wild) sources against different
CW strains. In addition, we observed the heterozygous geno-
type GT at high frequency in managed cacao (Fig. 4B). Het-
erozygous clones reported as disease resistant to CW include
EET clones (399, 400), SC 20, ICS clones (6, 40, 95), TSH
(1188, 595), UF (29, 650), and VB 650 and VB 681, which
is recommended for large scale planting in Bahia, Brazil
(Lopes et al. 2011; Turnbull and Hadley 2023).

Conclusions and research questions
Accession structure of wild and managed cacao

Our results confirm a narrow genetic diversity in managed
cacao likely reflecting Criollo ancestry of accessions tra-
ditionally used to select for chocolate quality. Among the
germplasm analyzed, managed cacao (cultivated and breed-
ing populations) showed introgression of wild cacao col-
lected in western Amazonia (Peru, Ecuador), but much less
contribution of Guiana clones. New collection trips should
be done to broaden the genetic base for cultivated cacao
to improve agronomic traits, such as urgently needed FPR
disease resistance. Potential areas for cacao germplasm col-
lection are highlighted by Nieves-Orduda et al. (2023).

New genetic resources for cacao breeding

Guiana accessions represent a genetic resource underutilized
in managed cacao. Agronomic evaluations of this germplasm
group showed favorable yield traits (e.g., accession GU 285)
and resistance against WBD and BPR (Lachenaud et al.
2007). Cacao breeding programs can obtain Guiana clones
free of pathogens through the ICQC and use them in per-
spective breeding experiments to exploit their potential under
a hybridization scheme. Developing of cacao inbred lines
can support hybrid breeding, but homozygosity and genetic
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distance between accessions should be considered to maxi-
mize heterosis (Akpertey et al. 2022; Lopes et al. 2022).

Validation of SNPs and cacao breeding

Cacao SNPs associated with disease resistance and yield
traits should be validated across diverge germplasm added
with standard phenotypic information obtained from multi-
environment studies and using trees with the same age as
well as clonal replicates. This validation facilitates the iden-
tification of useful major QTL for cultivar development by
different breeding programs. In addition, breeding programs
can adopt and optimize genomic selection. Previous studies
have demonstrated to improve selection if individual effects
of multiple SNP markers are considered in complex cacao
traits such as yield and disease resistance (Bekele et al.
2022; McElroy et al. 2018; Romero-Navarro et al. 2017).

Candidate genes of cacao domestication

Disease resistance and yield traits showed divergence
between wild and managed cacao, probably reflecting selec-
tion during domestication, cultivation, and breeding efforts.
Further analysis with a diverse natural cacao population,
cultivars (e.g., CEPEC’s germplasm of Brazil), and clones
developed by chocolate companies for specific farm con-
ditions, using high-density SNP genotyping panels (cacao
15K SNP array) will help identify signatures of selection
in candidate genes with high phenotypic impact on agro-
nomic traits. In addition, previous studies with SSR markers
revealed a low number of private alleles in the traditional
cultivars (Criollo, Amelonado, and Nacional) when com-
pared to the wild Amazonian cacao groups likely due to
bottlenecks during the selection and domestication process
(Motamayor et al. 2008; Clement et al. 2010). New analyses
with more SNP markers are needed to confirm this pattern
in the distribution of private alleles among different cacao
germplasm groups.

Other traits of economic importance

Plant architecture is a trait of economic importance not
widely investigated in breeding programs to improve
harvest index (ratio of seeds to total below biomass pro-
duced). The breeding challenge is to reduce plant height
to facilitate harvesting, but without affecting yield.
Mustiga et al. (2018) proposed selecting trees with small
trunk diameter, lower branch angles, and high yield to
increase plant density. In addition, market restrictions in
cacao-based products with high cadmium levels have led
to evaluating germplasm and identifying valuable genetic
sources to introduce low cadmium traits into commercial
clones (Lewis et al. 2018).

@ Springer

Cacao cultivation requires effective climate adaptation,
particularly in Brazil and West Africa (Aragjo et al. 2024;
Dzandu et al. 2021; Schroth et al. 2016). Root traits (such as
angle and biomass) that enhance water use efficiency should
be characterized in different cacao genotypes (Lahive et al.
2019). For example, among 18 genotypes in an irrigated and
non-irrigated experiment, the commercial clone CNN 51
showed a better physiological response to water stress (Aratijo
et al. 2024). In addition, cacao trees growing (with precipi-
tations < 1000 mm/year) in the forests of Peru and Ecuador
should be exploited for building breeding populations with
drought tolerance traits (Nieves-Orduiia et al. 2023).
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