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Abstract: Black pod rot, caused by several species of Phytophthora, is responsible for greater losses
than any other disease affecting cacao. Breeders use various approaches to screen material for
resistance to Phytophthora spp., however, the method used to assess disease reaction can influence
outcomes. To determine how screening methods affect results, disease reactions of four cacao clones
(BE 10, HY 271419, RIM 15 [MEX], and EET 236 [ECU]) were compared using incidence under field
conditions, and lesion area following artificial inoculation. Disease incidence differed significantly
among clones (p < 0.0007), ranging from 6.1% for BE 10 to 24.0% for HY 271419. Differences among
clones were also detected based on lesion area (p < 0.032), however, their relative ranking differed:
BE 10 (53.9 cm2), HY 271419 (80.64 cm2), RIM 15 [MEX] (95.7 cm2), and EET 236 [ECU] (102.4 cm2).
These apparent differences observed in disease reaction among clones when comparing methods may
be due to interactions with environmental conditions or differences in the pathogen species/isolates
present. The improved understanding of the how screening methods used can affect the disease
reaction determination and breeding outcomes in cacao germplasm will benefit breeders and farmers.
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1. Introduction

Phytophthora species infect all tissues of Theobroma cacao (L.) plants and cause black
pod rot (BPR), a disease responsible for the loss of up to 30% of global production [1]. BPR
is responsible the greatest production losses of cacao around the world and resistance to
this disease is a priority for breeding programs. BPR resistance can be quantified through
disease incidence in the field or by measuring lesion size following artificial inoculation of
pods [2,3], twigs, or leaves [4].

However, screening conditions impact the outcome in research trying to identify
disease resistance. For example, the wounding of pods prior to inoculation affects results as
this screens for post-penetration resistance only [5]. Nyadanu et al. [6] found field incidence
to be strongly correlated with results from artificial inoculation on unwounded pods
(r = 0.62), but only moderately correlated when pods were wounded prior to inoculation
(r = 0.41). A similar analysis on germplasm from the CEPEC/CEPLAC (Centro de Pesquisas
do Cacau/Comissão Executiva do Plano da Lavoura Cacaueira) Germplasm Bank in Bahia,
Brazil also found a moderate correlation (r = 0.38) between field incidence and lesion area
following artificial inoculation [7].

Although digital image analyses have been adopted in many host-pathogen research
systems to quantify disease reaction, features such as dark red coloration of many pods,
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sporulation in lesion centers, and ubiquitous cosmetic damage present on pods means time-
intensive image processing step is required for implementing this technology in cacao [3].
Lesions are generally measured by hand; however, both manual and digital measurements
of lesion area are very strongly correlated (r = 0.98) [3].

The collection of accurate disease reaction data is essential for the development of disease-
resistant crops. The objective of this research was to determine if different methods used to
screen cacao germplasm for resistance to BPR produced similar conclusions. The comparison
was conducted by examining the relative disease resistance of four clones obtained using
incidence under field conditions and lesion area following artificial inoculation.

2. Materials and Methods
2.1. Plant Material

Four clonal accessions (BE 10, HY 271419, RIM 15 [MEX], and EET 236 [ECU]) held at
the USDA-ARS National Plant Germplasm System (NPGS) cacao germplasm collection at
the Tropical Agriculture Research Station in Mayaguez, PR were evaluated using data col-
lected on disease incidence in the field and disease severity following artificial inoculation.
Each clone was represented by six trees planted in a randomized complete block design
and were chosen for these experiments based on pod availability.

2.2. Field Incidence

Disease incidence was determined by recording the number of healthy and infected
pods during monthly harvests from 2007–2011. To minimize the effect of productivity
differences on disease incidence values, only months in which at least one tree of each clone
had pods present were included in the analysis. Disease incidence per tree was calculated
by dividing the number of diseased pods by the number of total pods:

Disease Incidence = # diseased pods/(# healthy + diseased pods) (1)

Disease incidence was compared among clones using a non-parametric analysis of
variance (ANOVA) in SAS 6.2. Means were separated using post hoc nonparametric t-tests
with a Bonferroni correction. Each evaluation date counted as a replication, and incidences
for each tree were averaged to produce a single value per clone. Trees without pods were
excluded from the analyses.

2.3. Detached Pod Inoculations

Unwounded pod inoculation assays were carried out on unripe, detached pods (four
to five months old) using 1700 zoospores of P. palmivora from 10-day old cultures, with
release induced using cold shock, as described in Ali et al. [8]. Inoculated pods were placed
in Ziplock bags to prevent desiccation, and kept at 25 ◦C in the dark (Figure 1a).

All inoculations were carried out with a P. palmivora isolate H33, which was obtained
from a stem canker on cacao in Hawaii [9], and was shown to be an aggressive isolate in
preliminary experiments (Puig, unpublished).

After seven days, two lesion diameters were measured per pod and converted to radii
by dividing by two. Lesion area was calculated as:

Lesion Area = π × (r1) × (r2) (2)

where r1 and r2 are the largest and smallest radii of the lesion, respectively (Figure 1b).
Lesion area was compared among clones using an ANOVA and means were separated
using Tukey–Kramer Comparison lines for the least squares means. The assay was carried
out as a completely randomized design with 11 to 13 replications (pods) per clone.
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Figure 1. Detached pod inoculations. (a) Necrotic lesion on pod of HY 271419 seven days after 
inoculation with zoospores of Phytophthora palmivora. (b) Lesion area was calculated using the for-
mula: π × r1 × r2. 

3. Results 
Disease reaction, measured as incidence of black pod rot under field conditions, dif-

fered significantly among clones (p < 0.0007; DF = 3; X2 = 16.9), ranging from 6.1% for BE 
10 to 24.0% for HY 271419 (Table 1). RIM 15 [MEX] and EET 236 [ECU] were moderately 
susceptible at 10.3% and 21.9% incidence, respectively. Although nearly a quarter of pods 
produced by HY 271419 became diseased (24%), this was not statistically different from 
RIM 15 [MEX] and EET 236 [ECU]. 

Table 1. Disease incidence of black pod rot (Phytophthora spp.) in four cacao (Theobroma cacao L.) 
germplasm clones under natural field conditions in Puerto Rico. 

Clone N Mean 1,2 Std Error  
BE 10 43 0.061 0.017 A 

RIM 15 [MEX] 43 0.103 0.022 B 
EET 236 [ECU] 43 0.219 0.041 C 

HY 271419 43 0.240 0.047 BC 
1 Values multiplied by 100 represent the average percentage of infected pods present at each evalu-
ation date. 2 Clones sharing the same letters in the last column are not significantly different (p ≤ 
0.05). 

Differences in disease reaction among clones were also detected based on lesion area 
(p < 0.032; numDF = 3; denDF = 25.1; F = 3.43). However, their relative ranking differed 
from results for incidence because HY 271419 was not as susceptible (Table 2). Lesion area 
ranged from 53.9 cm2 for BE 10 to 102.4 cm2 for EET 236 [ECU], with the only statistically 
significant difference in means detected between these two. All pods of EET 236 [ECU] 
developed lesions after inoculation. In contrast, only 13 of 15 (86.7%) of the RIM 15 [MEX], 
10 of 13 (76.9%) of the HY 271419, and 8 of 11 (72.7%) of the BE 10 pods developed lesions. 

Table 2. Lesion area (cm2) on cacao (Theobroma cacao L.) pods 7 days post-inoculation with zoospores 
of Phytophthora palmivora. 

Clone N Mean 1 Std Error  
BE 10 11 52.9 42.9 A 

HY 271419 13 80.6 55.2 AB 
RIM 15 [MEX] 15 95.7 49.4 AB 
EET 236 [ECU] 14 102.4 35.2 B 

1 Clones sharing the same letters in the last column are not significantly different (p ≤ 0.05). 
  

Figure 1. Detached pod inoculations. (a) Necrotic lesion on pod of HY 271419 seven days after
inoculation with zoospores of Phytophthora palmivora. (b) Lesion area was calculated using the
formula: π × r1 × r2.

3. Results

Disease reaction, measured as incidence of black pod rot under field conditions,
differed significantly among clones (p < 0.0007; DF = 3; X2 = 16.9), ranging from 6.1% for
BE 10 to 24.0% for HY 271419 (Table 1). RIM 15 [MEX] and EET 236 [ECU] were moderately
susceptible at 10.3% and 21.9% incidence, respectively. Although nearly a quarter of pods
produced by HY 271419 became diseased (24%), this was not statistically different from
RIM 15 [MEX] and EET 236 [ECU].

Table 1. Disease incidence of black pod rot (Phytophthora spp.) in four cacao (Theobroma cacao L.)
germplasm clones under natural field conditions in Puerto Rico.

Clone N Mean 1,2 Std Error

BE 10 43 0.061 0.017 A
RIM 15 [MEX] 43 0.103 0.022 B
EET 236 [ECU] 43 0.219 0.041 C

HY 271419 43 0.240 0.047 BC
1 Values multiplied by 100 represent the average percentage of infected pods present at each evaluation date.
2 Clones sharing the same letters in the last column are not significantly different (p ≤ 0.05).

Differences in disease reaction among clones were also detected based on lesion area
(p < 0.032; numDF = 3; denDF = 25.1; F = 3.43). However, their relative ranking differed
from results for incidence because HY 271419 was not as susceptible (Table 2). Lesion area
ranged from 53.9 cm2 for BE 10 to 102.4 cm2 for EET 236 [ECU], with the only statistically
significant difference in means detected between these two. All pods of EET 236 [ECU]
developed lesions after inoculation. In contrast, only 13 of 15 (86.7%) of the RIM 15 [MEX],
10 of 13 (76.9%) of the HY 271419, and 8 of 11 (72.7%) of the BE 10 pods developed lesions.

Table 2. Lesion area (cm2) on cacao (Theobroma cacao L.) pods 7 days post-inoculation with zoospores
of Phytophthora palmivora.

Clone N Mean 1 Std Error

BE 10 11 52.9 42.9 A
HY 271419 13 80.6 55.2 AB

RIM 15 [MEX] 15 95.7 49.4 AB
EET 236 [ECU] 14 102.4 35.2 B

1 Clones sharing the same letters in the last column are not significantly different (p ≤ 0.05).
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4. Discussion

High-quality disease reaction data are needed by breeding programs to develop
durable, resistant cultivars. This study examined relative disease resistance of four clones
using two assessment approaches: field incidence and quantification of lesion area fol-
lowing artificial inoculation. The artificial pod inoculation protocol described here was
designed to incorporate pre- and post-penetration resistance by using a much lower num-
ber of zoospores than is used by other researchers [8,10]. Inoculum concentrations that
result in 100% infection are less likely to reflect pre-penetration resistance.

The change in disease resistance ranking of clones when assessed using artificial
inoculation instead of field evaluations was caused by the shift of HY 271419 from most
susceptible (based on field incidence) to second most resistant clones when using data from
artificial inoculation. This could be caused by HY 271419 having resistance to colonization,
which is not reflected in field incidence data, as it does not take lesion size into account.
Similar results were observed by Lawrence [11], were disease reactions of clones obtained
in detached pod assays were not consistent with the reactions of the same clones to natural
infection in the field.

Alternatively, the differences observed here may be due to pathogen-specific responses.
Although P. palmivora is the only species found causing BPR in Puerto Rico so far [12,13], the
isolates present in the field may differ from the Hawaiian isolate used in this study. Some
host resistance is not durable when challenged with diverse isolates of the same species.

In addition, several fungi in the Diaporthe, Lasiodiplodia, and Colletotrichum genera have
been found to cause necrotic lesions indistinguishable from those caused by Phytophthora
spp. [13,14]. Disease incidence data collected in the field likely includes pods affected by
various pathogens that cause similar symptoms. Although this information is important for
farmers, the presence of multiple, unrelated pathogen may complicate genomic studies and
make it difficult to accurately identify pathogen-specific resistance markers in germplasm.

5. Conclusions

This study shows that the assay used to screen for disease reaction can affect which
clones are classified as resistant or susceptible. For best results, initial screening using
less labor-intensive methods, such as evaluating disease incidence in the field, or artificial
inoculation of leaf discs, should be followed by artificial pod inoculations of clones of
interest. Thorough characterization of cacao germplasm will enable the identification of
new sources of disease resistance and more effective, long-term disease control.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/IOCAG2022-12215/s1.

Author Contributions: Conceptualization, A.S.P. and B.I.; methodology, A.S.P., B.I. and S.W.; soft-
ware, A.S.P.; validation, A.S.P. and S.W.; formal analysis, A.S.P.; investigation, A.S.P., S.W., T.A.-S.;
resources, T.A.-S. and O.G.; data curation, A.S.P. and S.W.; writing—original draft preparation, A.S.P.,
B.I., S.W., O.G. and T.A.-S.; writing—review and editing, A.S.P., B.I., S.W., T.A.-S. and O.G.; visualiza-
tion, A.S.P.; supervision, A.S.P.; project administration, A.S.P.; funding acquisition, O.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the U.S. Department of Agriculture, Agricultural Research
Service.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available in the supplementary material.

Acknowledgments: Thank you to Wil Quintanilla (USDA-ARS, Miami FL) for his technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/ 10.3390/IOCAG2022-12215/s1
https://www.mdpi.com/article/ 10.3390/IOCAG2022-12215/s1


Chem. Proc. 2022, 10, 71 5 of 5

Disclaimer: USDA is an equal opportunity provider and employer. Mention of trade names or
commercial products in this publication is solely for the purpose of providing specific information
and does not imply recommendation or endorsement by the U.S. Department of Agriculture.

References
1. Ploetz, R. The Impact of Diseases on Cacao Production: A Global Overview. In Cacao Diseases. A History of Old Enemies and New

Encounters, 1st ed.; Bailey, B., Meinhardt, L., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 33–39.
2. Phillips-Mora, W.; Castillo, J. Artificial inoculations in cacao with the fungi Moniliophthora roreri (Cif. Par) Evans et al. and

Phytophthora palmivora (Butl.) Butler. In CATIE (ed) Actas. IV Semana Científica Turrialba; Logros de la investigacion para un nuevo
milenio; CATIE: Turrialba, Costa Rica, 1999.

3. Campbell, A.S.; Ploetz, R.; Gutierrez, O.A. Using digital image analysis to evaluate disease resistance. In Proceedings of the The
Americas Cacao Breeders’ Working Group 2nd Annual Meeting, San Salvador, El Salvador, 9–11 September 2015.

4. Nyassé, S.; Cilas, C.; Herail, C.; Blaha, G. Leaf inoculation as an early screening test for cocoa (Theobroma cacao L.) resistance to
Phytophthora black pod disease. Crop Prot. 1995, 14, 657–663. [CrossRef]

5. Surujdeo-Maharaj, S.; Sreenivasan, T.N.; Motilal, L.A.; Umaharan, P. Black pod and other phytophthora induced diseases of cacao:
History, biology, and control. In Cacao Diseases. A History of Old Enemies and New Encounters, 1st ed.; Bailey, B., Meinhardt, L., Eds.;
Springer International Publishing: Cham, Switzerland, 2016; ISBN 978-3-319-24789-2.

6. Nyadanu, D.; Assuah, M.K.; Adomako, B.; Asiama, Y.P.; Opoku, I.Y.; Adu-Ampomah, Y. Efficacy of Screening Methods Used in
Breeding for Black Pod Disease Resistance Varieties in Cocoa. Afr. Crop Sci. J. 2009, 17, 175–186. [CrossRef]

7. de Souza, V.R.; Luz, E.D.M.N.; Pires, J.L.; dos Santos, M.V.O.; dos Santos, E.; de Souza Rodrigues, G.; Tocafundo, F.; Neto, A.A.P.
Selection of cocoa clones for resistance to Phytophthora palmivora by artificial inoculation and natural infection in the field. Trop.
Plant Pathol. 2021, 46, 455–464. [CrossRef]

8. Ali, S.S.; Amoako-Attah, I.; Bailey, R.A.; Strem, M.D.; Schmidt, M.; Akrofi, A.Y.; Surujdeo-Maharaj, S.; Kolawole, O.O.; Begoude,
B.A.D.; Hoopen, G.M.; et al. PCR-based identification of cacao black pod causal agents and identification of biological factors
possibly contributing to Phytophthora megakarya’s field dominance in West Africa. Plant Pathol. 2016, 65, 1095–1108. [CrossRef]

9. Puig, A.S.; Quintanilla, W.; Matsumoto, T.; Keith, L.; Gutierrez, O.A.; Marelli, J.-P. Phytophthora palmivora Causing Disease on
Theobroma cacao in Hawaii. Agriculture 2021, 11, 396. [CrossRef]

10. McGregor, A. Comparison of cuprous oxide and metalaxyl with mixtures of these fungicides for the control of Phytophthora pod
rot of cocoa. Plant Pathol. 1984, 33, 81–87. [CrossRef]

11. Lawrence, J. Evaluation of Methods for Assessing Resistance of Cacao Theobroma cacao L. cultivars and Hybrids to Phytophthora palmivora
(Butler) Butler; Comissao Executiva do Plano da Lavoura Cacaueira (CEPLAC): Ilhéus, Brazil, 1970.

12. Irish, B.M.; Goenaga, R.; Park, S.; Kang, S. First report of Phytophthora palmivora, causal agent of black pod, on cacao in Puerto
Rico. Plant Dis. 2007, 91, 1051. [CrossRef]

13. Puig, A.S.; Ramos-Sobrinho, R.; Keith, C.V.; Kitchen, N.; Gutierrez, O.A.; Goenaga, R.; Brown, J.K. Diseases Affecting Theobroma
cacao in Puerto Rico’s Emerging Cacao Industry; Meeting Abstract. Plant Health; American Phytopathological Society: Saint Paul,
MN, USA, 2020.

14. Serrato-Diaz, L.M.; Mariño, Y.A.; Guadalupe, I.; Bayman, P.; Goenaga, R. First report of Lasiodiplodia pseudotheobromae and
Colletotrichum siamense causing cacao pod rot, and first report of C. tropicale causing cacao pod rot in Puerto Rico. Plant Dis. 2020,
104, 592. [CrossRef]

http://doi.org/10.1016/0261-2194(95)00054-2
http://doi.org/10.4314/acsj.v17i4.54298
http://doi.org/10.1007/s40858-021-00427-3
http://doi.org/10.1111/ppa.12496
http://doi.org/10.3390/agriculture11050396
http://doi.org/10.1111/j.1365-3059.1984.tb00591.x
http://doi.org/10.1094/PDIS-91-8-1051B
http://doi.org/10.1094/PDIS-06-19-1333-PDN

	Introduction 
	Materials and Methods 
	Plant Material 
	Field Incidence 
	Detached Pod Inoculations 

	Results 
	Discussion 
	Conclusions 
	References

