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ABSTRACT

Black pod rot of cocoa, due to Phytophthora spp. is a major concern in cocoa production and much
research attention has been dedicated to it. However, there are still many questions regarding the
factors that govern the disease’s dynamics. Here, we explore the use of mathematical modelling to
understand the spatial dynamics of black pod disease caused by P. megakarya and notably the
impact of shade on disease dynamics. The results were exploited as a base for an in-vitro
investigation on the impact of light on growth and sporulation of P. megakarya. A mechanistic—
statistical approach was used to estimate spatio-temporal model parameters from real observations of
a specific cocoa plot. Shading data collected in the cocoa plot led to refined numerical simulations of
disease dispersion and to identify a greater number of infected pods located in areas of the plot with
higher shading values. Following the investigation on the effect of shading on system dynamics, the
effects of different light wavelengths on P. megakarya biology (growth and sporulation) was
assessed. Experiments revealed that all the studied strains grew relatively better in the dark
compared with exposure to light. However, it was noted that in general, light was a stimulating
factor for P. megakarya sporulation. The increase in the growth rate of P. megakarya in the dark and
increased sporulation under light conditions may help explain why shaded or heterogeneously
shaded systems are more favorable to P. megakarya development. Based on these findings
recommendations in terms of cocoa farming systems with specific (homogenous) shading regimes
are discussed
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1. Introduction
Modelling plant disease spread

Mathematical models represent essential tools allowing a quantitative analysis of an epidemic system
with the consequent identification of possible strategies to control a disease outbreak or even to
prevent it (Brunetti et al, 2020). Mathematical modelling is useful for the study of complex
phenomena, because models show how separate measurements can be seen as manifestation of the
same underlying processes (de Jong, 1995). Recently, the spatial aspects of plant disease have been
incorporated into mathematical models of epidemics. Simulating the spatial pattern of plant
pathogens, or that of disease, and, more particularly, the way that such patterns change, have become
an increasingly important component of the study of plant-disease epidemics (Hughes et al, 1997).

Shade and the Black Pod Disease pathosystem

Shading in plant production system is a complex concept widely used but vaguely defined (Bellow
and Nair, 2003). Cocoa is generally produced in agroforestry systems where associated trees provide
shade (Mossu, 1990). In Cameroon, cocoa is generally produced in dense and highly diversified
multi-layered agroforestry systems (Laird et al, 2007; Sonwa et al, 2007). In such systems, described
as agroforests (Torquebiau, 2007), the canopy of cocoa trees is generally intertwined and forms a
thick layer of foliage, which is covered by canopy shading of associated trees (Babin et al, 2010).
Agroforests are thus characterized by a great biodiversity with many species associated with the cocoa
tree. However, it should be noted that associated shade trees are not always beneficial for cocoa
growing. Some plant species can e.g. constitute alternative hosts or reservoirs of infectious agents and
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cocoa pests (Schroth et al, 2000; Opoku et al, 2001). Despite some studies conducted in Cameroon to
assess shading effect on disease incidence (Kankeu, 2010), as well as methods for estimating shading
(Cuissu, 2013), the real link or a direct correlation with the disease has not yet been clearly
established. Yet, it has been shown that excessive shading increases the black pod rot disease while a
lack of shade or heterogeneous shade favors the damage caused by mirids (Babin et al, 2010; Gidoin
et al, 2014).

Light effect on P. megakarya

Shade trees influence light availability and thus cocoa photosynthesis in the field (Beer et al, 1998).
However, to date the direct role played by light on the development of P. megakarya remains poorly
studied and seems ambiguous. Since we know relatively little about the optimal light conditions for
the growth and sporulation of Phytophthora species it is also unclear how shade from associated and
and cocoa trees influence the pathogen. Brasier (1969) demonstrated the favorable influence of light
on spore production as well as an inhibition of oospore formation in two species of Phytophthora (P.
palmivora and P. hevea). Along the same line, the work of Englander et al, (2006) revealed poor
growth of P. ramorum strains exposed to increasing doses of light and ultraviolet. The only study
conducted in this way on P. megakarya by Blaha (1983) allowed to demonstrate a strong inhibition of
growth in continuous white light and in alternating green light 12H /12H as well as photoperiodism
under alternating white light/dark 12H/12H conditions, resulting in a characteristic zonation of the
thallus. Similar work has revealed that the quality (types of illumination or wavelengths) and the
amount (duration of illumination) of light can have dramatic effects on many fungal organisms and
oomycetes (Cohen et al, 1975; Cohen, 1976; Cohen and Eyal, 1977).

2. Study objectives

In this paper, the main focus is to demonstrate how mathematical modeling can be useful in
understanding the mechanisms behind black pod rot epidemics and in identifying action levers on
which we could act to control the disease. Basically, our goal is to show how a mathematical model
previously built can be used to investigate the role played by a specific environmental factor (plot
shading) on P. megakarya and provide ideas on potential mechanisms that should be studied in more
detail to better understand disease dynamics, in this case light availability, and ultimately how this
information can help in developing new ideas for disease control.

3. Methodology

3.1 The spatio-temporal model

Following Nembot et al, (2017; 2018), the spatio-temporal model developed here subdivides hosts
(cocoa pods in the plot) in two epidemiological states: susceptible (S) and infectious (I). The
infectious pods compartment (1) has two sub-compartments according to disease transmission
pathway, i.e., spores produced by infected pods and released in the environment, responsible for
environmental infections (P2), and spores produced by infected pods and directly responsible for
secondary infections. The spatial spread of black pod epidemic in a cocoa plot is described by the
compartmental diagram presented in Fig. 1.
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Figure 1 Diagrammatic representation of the spatio-temporal model for black pod rot epidemics.

The infection forces B, and B1 (respectively primary and secondary infection) are modelled in a simple
linear form. Disease spread in the plot is taken into account by introducing two dispersal coefficients
in the two spore compartments (P1) and (P). Altogether, based on the compartmental diagram in Fig.
1, we built a Partial Differential Equation in the form of a parabolic quasimonotone system model
(Nembot et al, 2021).

3.2 Field Observation

Data on the shading levels (X) in the plot were obtained using a densiometer measuring the canopy
closure in the plot. Values obtained through 205 collection point displayed in the plot were
interpolated and scaled (computing the rational division over the maximal shade value); thus, almost
all the zones of the plot were characterized by densiometer values between 0 and 1. Data regarding
black pod disease evolution in the plot was also exploited in our modelling study. For details on the
spatiotemporal data collection, see Nembot et al, (2021).

3.3 Assessing the impact of shade on the system

To assess the impact of shade on the system, the initial amount of environmental spores in the plot
(P2%) was modelled as a function of a spatial co-variable, namely the level of shading (X) in the plot.
We applied an estimation strategy based on a mechano-statistical approach, which consists in the
linkage of the spatio-temporal model to a statistical method for estimating parameters by coupling the
mechanistic vision of the phenomenon studied, with the stochastic vision of the observation process
(Soubeyrand and Roques, 2014). Two additional coefficients describing the link between the initial
amount of environmental spores in the plot and the shading data were therefore estimated. Parameter
estimation of model parameters was performed by approximating system solutions by numerical
resolution (see Nembot et al, 2021). Final positive values were obtained for the two coefficients,
which tends to show that higher shade intensities in the cocoa plot led to higher initial inoculum
density levels (P2°). This was also confirmed by numerical simulations of disease spatiotemporal
evolution where sequential images of the cocoa plot show that first infections and black pod disease
outbreaks occurred in places of the plot characterised with higher shading intensities (Nembot et al,
2021). From this confirmation of shading effect on the pathosystem, we can hypothesize about the
exact relationship(s) that exists between shading and disease epidemics. For instance, shading can
influence disease dynamics in the plot by influencing temperature, relative humidity, rainfall
interception/kinetic energy of raindrops thereby influencing dispersal but also by influencing the light
availability (quantity and quality of light). It is likely that in the field these parameters interact,
however, we can study some of these parameters individually to provide us with an idea of the
specific response of P. megakarya. To date, the direct role played by light on the development of
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Phytophthora species remains poorly studied and is even less studied in cocoa. Therefore, we
proposed in this study to put in place an experimental design to study the effects of different light
wavelengths on P. megakarya evolution (growth and sporulation) in order to broaden existing
knowledge on shading associated (light availability) effects on this pathosystem.

3.4. Sampling: Description of study strains

A total of 27 strains of Phytophthora megakarya. (14 from Cameroon and 13 from C6te d'lvoire) were
selected for the experiments. The selected strains of P. megakarya originated from two different agro-
ecological environments, namely forest (15 from shaded cocoa systems) and savannah (12 from full
sun cocoa plots). Two particular strains of Phytophthora (P. megakarya-KP58 and P. palmivora-
TRI1) were present in all experiments. These 2 reference strains were chosen as control strains
because of prior homogeneous growth during similar experiments. For each experiment, 3 replicates
of each of the strains were used. The Phytophthora strains used for the experiments were cultured and
subcultured on a V8 agar medium and were stored until further use under controlled conditions: 25 °C
and 62% RH

3.4.1. Studied factors
All isolates were grown under different light conditions. For each experiment, the control consisted of

24h dark conditions. The agroecological zone of origin of the studied strains was considered as a
factor for the analysis. All the studied factors are depicted in the following table (Table 1.)

Table 1 Details on factors studied

Light Conditions Experimental control ~ Modalities

White light photoperiod Obscurity 12h/ 12h — 24h/24h

Light intensity Obscurity 2 tubes — 4 tubes — 6 tubes

Ultraviolet radiation (UV) Obscurity UV-a

Light colors Obscurity Blue-Yellow-Red

Strain origin Obscurity Forest - Savannah
Remarks

- 12h/12h represents light-dark alternation at 12 hours intervals
- 24h/24h represents continuous lighting.

- UV-astands for type A ultraviolet rays (320-400 hm)

- Obscurity Experimental control for light in all manipulations

3.4.2. Strain development monitoring and data analysis

Radial growth along two perpendicular axes after 2, 3 and 6 incubation days and the daily growth rate
(in mm day?) was determined. After 10 days, zoospore production was quantified using the cold
shock method (Denlinger et al, 1991) using 20 ml of distilled water. Mean zoospore production was
determined using a haematocymeter. Data collected were subjected to descriptive statistics and
analysis of variance regarding mean daily (radial) growth rates, as well as zoospore production as a
function of studied factors such as light color, light intensity, illumination photoperiod, and agro-
ecological origins for the study strains.
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4. Results

4. 1 Strains growth rate in white light

Experiments carried out revealed that globally all the studied strains grew better in the dark (p-value <
0.001) compared to light exposure. In the presence of white light, all strains had significantly reduced
growth rates (p-value < 0.001) when exposed to increasing photoperiods and illumination intensity
(Fig.5). We also note that during this experiment, the control strain KP58 seem to have not been
influenced by light duration and intensity. Furthermore, the second control strain TRI1 (P. palmivora)
seem to act slightly different from the others.

Maan growth Rata em/day

LIGHT EFFECT [Intensity andPhotoperiod] P < (0.001 **+
ZONE EFFECT ns
1,50 - WORS
050 ‘ | l | [] | ﬂ | ' N 2411-4 tubes
o Savannah Forest Savannah Forest KP458 RI1
Camernan Cota divcie Control strains
Figure 5. White light effect on strains growth (Photoperiod and light intensity)

4. 2 Strains growth rate in other colors (wavelengths)

In the first experiment, it was observed that ultraviolet light (UV-A) significantly (p-value < 0.001)
led to a reduction in the growth rate compared to obscurity (Fig.6).

2

Mean growth Rate cm/day LIGHT EFFECT (UV) P <0.001 ***
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Cameroon Cote d'ivoire Control strains
Figure 6. UV light effect on strains growth

In the second experiment, we noted clearly that blue light significantly induced (p-value < 0.001) a
reduction of strains growth in comparison to red color and obscurity (Fig.7).
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Figure 7. Blue and red light effect on strains

For the last experiment, we observed also a significant reduction of radial growth rate in presence of
the blue colors (p-value < 0.001) in comparison to obscurity and yellow color which seemed to have a
rather stimulating effect on growth (Fig.8).

Mean growth Rate cm/day
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Figure 8. Blue and yellow light effect on strains growth

4. 3 Zoospore production

In all experiments light induced significantly, higher spore-production (p-value < 0.001) compared
with complete darkness. A kind of a production peak was observed for zoospore production at low
intensities of white light (2 tubes). It was also noted that zoospore production was significantly lower
(p-value < 0.001) in presence of blue color and ultraviolet (UV-A) when compared with other light
conditions.
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Figure 10. Zoospore production under different light conditions

4. 4 Effect of the agro-ecological origin of strains

Overall, the origin and the ecological environment did not seem to significantly influence (p-value >
0.05 ns) the response of the strains in terms of growth and sporulation in different light conditions.
The savannah (full sun cocoa plots) and forest (shaded cocoa systems) strains of the two countries
globally reacted in a similar way to light regardless of their ecological zone of origin.

5. Discussion and Conclusions

The model previously developed and the estimation strategy proposed contributed to expand existing
knowledge on the role played by the primary inoculum and shading in the disease dynamics (Nembot
et al, 2021). Assessing the impact of shading (canopy closure) on system dynamics revealed a positive
effect on the initial density of primary inoculum, meaning that high shading intensities in the plot are
linked to higher quantities of environmental spores. The positive link shown between shading in the
plot and the amount of environmental spores can be explained by more favorable environmental
conditions (lower temperatures, high humidity or light availability for example) more conducive to
the development of spores. Whereas temperature and humidity levels have been identified as
important parameters for Phytophthora (ten Hoopen and Krauss, 2016; Puig et al, 2018)
development/epidemics, the influence of light availability remains largely unexplored. This study is
an attempt to broaden existing knowledges on light availability effects (linked to plot shading) on the
pathoystem by investigating the in vitro effect of light on P. megakarya strains evolution.

The experimental design put in place allowed to characterize P. megakarya strains (growth and
production of spores), in response to different lighting conditions. Conditions stimulating or inhibiting
growth and sporulation of P. megakarya strains were identified. Data showed that all studied P.
megakarya strains grew relatively better in the dark (compared to exposure to light). This result
confirms partially why black pod disease would proliferate in shaded systems (less light than full sun
systems). It was also noted that in the presence of white light, all strains studied had reduced growth
rates when exposed to increasing photoperiods and light intensity. Similar results were obtained by
Blaha (1983). Regarding other wavelengths, blue light and ultraviolet (UV-A) significantly reduced P
megakarya growth compared to other wavelengths tested (green, red, yellow). Transposing this result
to the field could be explained by Ross (1975), who stated that light under the plant canopy may be
rich in wavelengths in the near infrared. This enhancement of infrared light is thought to be the result
of the spectral properties of green leaves which transmit and reflect strongly in the near infrared
region. This could explain why P megakarya strains grew relatively well under wavelengths relatively
close to infrared such as yellow and red for instance. Experiments carried out also revealed that light
in general was a stimulating factor for sporulation (production of zoospores) and we also noted
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savannah and forest strains globally reacted in a similar way to light regardless of their ecological
zone of origin, the ecological origin (forest or savannah) did not seem to influence the response of the
strains in terms of growth and sporulation. This is in contrast with the hypothesis we had of adaptation
of the strains in relation to the availability of light according to their environment.

Nonetheless, results obtained here corroborate the hypotheses highlighted in the spatio-temporal
model, namely a positive effect of shading on disease dynamics. This shows once again that shaded
systems are quite conducive to the development of P. megakarya. Strategic management of shade in
the field is therefore important for black pod disease control. This study can be seen as a contribution
to lay foundations for risk prediction models. Nevertheless it should still be noted that the in vitro
growth and sporulation of P. megakarya cannot accurately reflect the behavior of strains in their
natural environment and also in the presence of their host. Further investigations need to be carried
out to refine these results and to clarify in an explicit and thorough manner the effect of light and
shading on disease dynamics.

Acknowledgements

The first author is grateful to the DP Agroforesterie Cameroon, the French Government, and the
French Embassy in Yaoundé (SCAC), Cameroon for logistical and financial support during the
preparation of this manuscript and also to the CETIC Yaoundé.

Authors together are very grateful to data providers in the field and technical assistance in the lab,
Michel Ducamp, Fabienne Ribeyre, Olivier Sounigo, Yede, Maybelline Escalante, the farmer René,
and Victor Ondoa, Benoit Owona,Maurice Douandji and Junior Zomo.

References

Babin R., Ten Hoopen G.M., Cilas C., Enjalric F., Yede, Gendre P., & Lumaret J. P. 2010. Impact of
shade on the spatial distribution of Sahlbergella singularis Hagl. (Hemiptera: Miridae) in
traditional cocoa agroforests. Agricultural and Forest Entomology. 12 : 69-79.

Bellow J. G. & Nair P. K. R. 2003 Comparing common methods for assessing understory light
availability in shaded-perennial agroforestry systems. Agricultural and Forest Meteorology.
114 :197-211.

Blaha G. 1983. Effet de la lumiére sur Phytophthora palmivora et Phytophthora megakarya, agents de
la pourriture brune des cabosses du cacaoyer. Etude préliminaire du phénoméne de photo-
inhibition observé sur Phytophthora megakarya. Café, Cacao, Thé. 27 : 91-112.

Brasier C. (1969). The effect of light and temperature on reproduction in vitro in two tropical species
of Phytophthora. Transactions of The British Mycological Society. 52. 10.1016/S0007-
1536(69)80164-6.

Brunetti, M., Capasso, V., Montagna, M., & Venturino, E. (2020). A mathematical model for Xylella
fastidiosa epidemics in the Mediterranean regions. Promoting good agronomic practices for
their effective control. Ecological Modelling, 432, 109204.

Cohen Y. 1976. Interacting effects of light and temperature on sporulation of Peronospora tabacina on
tobacco leaves. Australian Journal of Biological Sciences. 29 : 281-290.

Cohen Y., and Eyal H. 1977. Growth and differentiation of sporangia and sporangiophores of
Psudoperonospora cubensis on cucumber cotyledons under various combinations of light and
temperature. Physiological Plant Pathology. 10 : 197-210.

Cohen Y., and Eyal H., & Sadon, T. 1975. Light-induced inhibition of sporangial formation of
Phytophthora infestans on potato leaves. Canadian Journal of Botany. 53 : 2680-2686.

Cuissu J. A. 2013. Comparaison de deux méthodes de caractérisation de I’ombrage : logiciel
shademotion et densiométre hémisphérique dans une agroforét a base de cacaoyers. Mémoire



DOIl:

de fin d’étude présenté pour I’obtention du dipléme d’ingénieur agronome. Institut supérieur
du Sahel Maroua. Cameroun.

de Jong, M. C. (1995). Mathematical modelling in veterinary epidemiology: why model building is
important. Preventive veterinary medicine, 25(2), 183-193.

Denlinger, D. L., Joplin, K. H., Chen, C. P., & Lee, R. E. (1991). Cold shock and heat shock. Insects
at low temperature, 131-148.

Englander L., Browning M., Tooley W. P. 2006. Growth and sporulation of Phytophthora ramorum in
vitro in response to temperature and light. Mycologia. 98 : 365-373.

Gidoin C., Babin R., Bagny Beilhe L., Cilas C., Ten Hoopen G. M., & Ngo Bieng M. A. 2014. Tree
spatial structure, host composition and resource availability influence mirid density or black
pod prevalence in cacao agroforests in Cameroon. PLoS One. 9 : 121-135.

Hughes, G., McRoberts, N. E. I. L., Madden, L. V., & Nelson, S. C. (1997). Validating mathematical
models of plant-disease progress in space and time. Mathematical Medicine and Biology: A
Journal of the IMA, 14(2), 85-112.

Kankeu T. H. 2010. Dynamique spatio-temporelle du phytophthora megakarya (pourriture brune)
dans une plantation de cacao au cameroun : une analyse par la modélisation géostatistique.
Mémoire de 4éme année Eléve Ingénieur d’Application de la Statistique. Institut sous-
régional De statistique et D’économie appliquée (ISSEA).

Laird S. A., Leke Awung G. & Lysinge R. J. 2007. Cocoa farms in the Mount Cameroon region :
biological and cultural diversity in local livelihoods. Biodiversity Conservation. 16 :2401-
2427.

Mossu G.1990. Le cacaoyer. Maisonneuve et Larose, Paris, 160p

Opoku, I. Y., Akrofi, A. Y., Appiah, A. A., 2001. Shade trees are alternative hosts of the cocoa
pathogen Phytophthora megakarya. Crop Protection. 21 : 629-634.

Puig A. S., Ali S, Strem M., Sicher R., Gutierrez O. A., and Bailey B. A. 2018. The differential
influence of temperature on Phytophthora megakarya and Phytophthora palmivora pod lesion
expansion, mycelia growth, gene expression, and metabolite profiles. Physiology Molecular.
Plant Pathology. 102 : 95-112.

Schroth G., Krauss U., Gasparotto L., Aguilar J. A. D. and Vohland K., 2000. Pests and diseases in
agroforestry systems of the humid tropics. Agroforestry Systems. 50 : 199-241.

Sonwa D. J., Nkongmeneck B. A., Weise S. F., Tchatat M., Adesina A. A. & Janssens M. J. J. 2007.
Diversity of plants in cocoa agroforests in the humid forest zone of Southern Cameroon.
Biodiversity Conservation. 16 : 2385-2400.

Ten Hoopen Gerben Martijn, Krauss Ulrike. 2016. In : Cacao diseases: a history of old enemies and
new encounters . Bailey Bryan A. (ed.), Meinhardt Lyndel W. (ed.) . Cham : Springer
International Publishing , pp. 511-566. ISBN 978-3-319-24787-

Torquebiau E. 2007. L’agroforesterie. Des arbres et des champs. L’Harmattan, France.



	1. Introduction
	2. Study objectives
	3. Methodology
	1T3.4.1. Studied factors
	1T3.4.2. Strain development monitoring and data analysis

	4. Results
	Acknowledgements
	References

