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In vitro effect of cocoa leachates on growth and
development of Moniliophthora roreri ([Cif.] H.C. Evans
et al.) isolated from Theobroma cacao (L.)

Evaluacidn /in vitro de lixiviados de cacao sobre el crecimiento
y desarrollo de Moniliophthora roreri ([Cif.] H.C. Evans et al.)
aislado de Theobroma cacao (L.)

SANDRA VICTORIA GOMEZ-GUTIERREZ" 3

CAMILO RUBEN BELTRAN-ACOSTA?
SANDRA GOMEZ-CARO'

Theobroma cacao (L.) affected by Moniliophthora
roreri in a commercial farm, Yacopi, Cundinamarca
(Colombia).
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ABSTRACT

The cocoa crop is part of the peasant’s economic activity and agroforestry systems in many regions of Colom-
bia and the world. Its yields are diminished by phytosanitary problems, being the frosty pod rot caused by
the fungus Moniliophthora roreri, the most limiting disease with decreases in production of over 90%. In this
study, samples of cocoa leachates from commercial producing farms were characterized and the antifungal
activity of sterilized, non-sterilized, and filtered cocoa leachates against /1. roreri was evaluated under in vitro
conditions, at concentrations of 1, 2, 5, 10, and 15%. Monosporic isolates of the pathogen were obtained from
diseased fruits collected from cocoa-producing farms in the municipality of Yacopi in Cundinamarca, Co-
lombia. The effect of leachates on M. roreri conidial germination, mycelial growth, and inoculum production
was evaluated. It was found that non-sterilized cocoa leachates at all concentrations caused 100% reduction
on the three variables evaluated, while sterilized leachates generated the same effect at concentrations of
10 and 15%. Filtered leachates showed no inhibitory effect on the radial growth of the pathogen, but they
caused a reduction of conidial germination of 89.9, 90.5 and 95.9% at concentrations of 5, 10, and 15%. The
presence of malic, citric, and ascorbic acids, compounds such as NH,, PO,, and NO;, and elements such as Ca,
K, Na, Mg, and Cl in the evaluated leachates was identified using high-efficiency liquid chromatography and
physicochemical analysis. This research showed the potential of cocoa leachates, even at low concentrations,
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for the control of M. roreri, which can be attributed to the action of specific compounds such as those found in
chromatographic tests.

Additional keywords: fungal mycelial growth; conidia germination; frosty pod rot disease; liquid products.

RESUMEN

El cultivo de cacao es parte de la actividad econémica campesina y de sistemas de agroforesterfa en muchas regiones
de Colombia y del mundo. Su rendimiento se ve disminuido por problemas fitosanitarios, siendo la monilia causada
por el hongo Moniliophthora roreri, la enfermedad mds limitante causando disminuciones de produccién de més del
90%. En este estudio, se caracterizaron muestras de lixiviados de cacao de fincas comerciales y la actividad antifan-
gica de estos lixiviados esterilizados, no esterilizados, y filtrados contra A. roreri fue evaluada bajo condiciones in
vitro en concentraciones de 1, 2, 5, 10, y 15%. Aislamientos monospéricos del patégeno fueron obtenidos a partir de
frutos enfermos colectados en fincas productoras de cacao del municipio de Yacopi en Cundinamarca, Colombia. El
efecto de los lixiviados se evalué sobre la germinacién conidial de . roreri, el crecimiento micelial, y la produccién
de inéculo. Se encontrd que los lixiviados de cacao no esterilizados en todas las concentraciones generaron 100%
de reduccién de las tres variables evaluadas, mientras que los lixiviados esterilizados generaron el mismo efecto a
concentraciones de 10 y 15%. Los lixiviados filtrados no mostraron efecto inhibitorio sobre el crecimiento radial del
patégeno, pero presentaron una reduccién de la germinacién conidial de 89,9; 90,5 y 95,9% a las concentraciones de
5,10, y 15%, respectivamente. La presencia de d4cido mélico, citrico, y ascérbico, compuestos como NH,, PO,, y NO;,
y elementos como Ca, K, Na, Mg, y Cl fue identificada en los lixiviados evaluados usando cromatografia liquida de
alta eficiencia y andlisis fisicoquimicos. Esta investigacién mostré el potencial de los lixiviados de cacao, atin a bajas
concentraciones para el control de M. roreri, el cual puede ser atribuido a la accién de compuestos especificos como
los encontrados en las evaluaciones cromatogréaficas.

Palabras clave adicionales: crecimiento micelial; germinacién conidial; monilia; productos liquidos.
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INTRODUCTION

The cocoa (Theobroma cacao L.) is a tropical species
from which chocolate and its derivatives are obtained
(Lozada er al., 2012). It is cultivated by 6 million far-
mers and is the source of income for more than 40
million people around the world (Fromm, 2016). The
International Cocoa Organization (ICCO) estimated
that more than 4.697 million metric tons of cocoa
beans were produced globally between 2019 and
2020. According to this report, Africa was the first
largest cocoa-producing continent with 75.7% (3.55
million tons), followed by the Americas with 18.4%,
and Asia and Oceania with 5.9% (ICCO, 2020). Ac-
cording to Fedecacao (National Federation of Co-
coa Producers), Colombia registered a production of
63,416 t for 2020, showing an increase of 6.1% com-
pared to the production in 2019 (Fedecacao, 2021).
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The cocoa crop is affected by limiting diseases, among
which are the black pod caused by the oomycete Phy-
tophthora spp., witches’ broom disease (Monilioph-
thota perniciosa (Stahel) Aime and Phillips-Mora), and
frosty pod rot (Moniliophthora roreri (Cif.) H.C. Evans
et al., 1978) that can cause significant yield losses (Jai-
mes et al., 2016; Pérez-Vicente, 2018). Frosty pod rot
is the most economically limiting disease in all the
Latin American countries where cocoa is cultivated
(Phillips-Mora et al., 2005; Sdnchez-Mora et al., 2014).
The center of origin of the disease is central/north-
eastern Colombia where the highest levels of genetic
diversity of the pathogen have been found (Phillips-
Mora et al., 2007b). M. roreri has progressively ex-
panded from its center of origin in South America
northwards through Central America and Mexico
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and westwards across the Andes and Amazonian for-
ests (Phillips-Mora et al., 2007b). In Colombia, frosty
pod rot has generated losses of over 90% (Phillips-
Mora et al., 2007a; Jaimes and Aranzazu, 2010; Cor-
reaet al., 2014).

The pathogen only attacks the fruits at any stage of
development causing external and internal damage
and total pod loss (Jaimes et al., 2016). Pods of less
than 2 months old are the more susceptible (Sdnchez
and Garcés, 2012). Initial infections are symptomless,
except for tissue swelling causing deformations or
bumps (Bailey ez al., 2018). Subsequently, a brownish
spots appears on the fruit’s surface, on which mil-
lions of conidia develop, forming a cream-colored
powder. These conidia are dispersed by the wind and
when they fall on a healthy fruit, under appropriate
conditions, they germinate penetrating the cuticle or
stomata. The structures colonize tissues intercellu-
larly invading the cortical parenchyma and starting
the disease cycle again (Evans et al., 2003; Ramirez,
2013; Correa et al., 2014; Bailey et al., 2018).

Frosty pod rot management consists of sanitary
pruning of fruits, planting of improved material,
and biological control practices (Krauss et al., 2010;
Sudrez and Rangel, 2013). The application of syste-
mic fungicides has shown low efficacy and increases
production costs (Flood and Murphy, 2004; Bateman
et al., 2005). Therefore, it is necessary to look for new
alternatives to manage the disease. Liquid products
of the decomposition of harvest residues, known as
leachates (Weltzien, 1991; Bele et al., 2018) have been
reported with the potential to control some plant
diseases. The use of banana rachis leachates to con-
trol black leaf streak disease (Osorio et al., 2012) has
shown the ability to inhibit mycelial growth and ger-
mination of Botryodiplodia theobromae, Colletotrichum
musae, Fusarium sp., and Musicillium theobromae coni-
dia, pathogens that cause postharvest diseases in ba-
nana (Musa acuminata Colla) in Ivory Coast (Bele er
al., 2018). This last study showed that leachate con-
centrations of 5, 15, and 20% exhibited an antifungal
activity, with the 20% concentration being the most
effective and the one that obtained complete inhibi-
tion of mycelial growth and conidial germination of
all the fungi evaluated (Bele et al., 2018). The in vitro
and in vivo effects of banana rachis leachates have also
been demonstrated for the control of southern blight
in tomatoes caused by Sclerotium rolfsii in Porto-Novo,
Benin (Africa). In that study, leachates inhibited my-
celial growth and pathogen development in the field

with effectiveness similar to that found for the fungi-
cide Maneb 80 (Sikirou et al., 2010).

Kamel et al. (2014) report the use of fulvic acid ex-
tracted from banana rachis to control powdery mil-
dew (Pohosphaera fusca (syn. Sphaerotheca fuliginea))
and downy mildew (Pseudoperonospora cubensis) in cu-
cumber at the Agricultural Research station in Sakha,
Egypt. Alvarez et al. (2015) mention that leachates
contain a high concentration of potassium that in-
duces resistance to some diseases. These authors
also state that applications of 5% fulvic acids from
banana leachates reduce the severity of powdery mil-
dew in roses caused by Sphaerotheca pannosa. There
are no reports of the use of cocoa leachates for the
control of M. roreri, although vegetable extracts of
grapefruit, pepper, marjoram, and linden have been
evaluated for their in vitro control. All these extracts
without sterilization and at a concentration of 25%
generated a 100% inhibition of myecelial growth
(Arcos-Méndez et al., 2019). In Colombia, leachates
from banana rachis have been assessed in vitro and in
vivo against Mycosphaerella fijiensis and in vivo for S.
pannosa in rose crops (Alvarez et al., 2010; Alvarez
et al., 2015). Nevertheless, its use by farmers is still
empirical and some leachates have been mainly used
as biofertilizers or biofungicides. Cocoa leachates are
obtained from the bean fermentation process. The
mucilage that covers the seeds is subjected to a fer-
mentation process by the action of microorganisms,
forming sugars and then acetic acid. During the first
24 h of this process, cocoa beans leach substances or
leachates composed of amino acids, sugars, and other
substances (Wacher, 2011). This study sought to (i)
characterize cocoa leachate samples from commercial
cocoa producing farms and (ii) evaluate, under in vitro
conditions, the potential antifungal activity of cocoa
leachates against /. roreri at variable concentrations
as an alternative for disease management with low
impact on the production system, to provide knowl-
edge on the potential use of these leachates.

MATERIALS AND METHODS

Characterization of cocoa leachates from two
commercial producing farms in Cundinamarca

Cocoa leachates production and collection

The leachates obtained from the fermentation of co-
coa beans were collected in sterile glass containers
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24 h after the beginning of the fermentation pro-
cess and kept refrigerated at 6°C. This period was
selected due to the fact that the highest amount of
leachates was produced at this time. To conduct the
study, three samples (S) of leachates were obtained
from two farms located at the municipality of Yacopi
(Cundinamarca, Colombia). Leachates were obtained
from the farms La Floresta (5° 31’ 30.3” N, 74° 20’
40.39” W) (S1 and S3), and Filadelfia (5° 29" 18.3” N,
74° 20’ 3.7” W) (S2). These farms were selected due
to the fact that both were planted with cocoa clones
CCNb1, 1ICS95 TSHb565, 1CS60, EET8, YAC2, and
farmers followed a similar fermentation procedure to
obtain the cacao leachates.

Physicochemical and chromatographic analysis of
cocoa leachates

To determine the compounds that are present in
the three leachate samples and their concentration,
the physicochemical analysis of cocoa leachates was
carried out at the Water and Soils Laboratory of the
Faculty of Agricultural Sciences at Universidad Na-
cional de Colombia. The following variables were
evaluated: pH, using the potentiometric method
(Tello and Fernadndez, 2012); OH, CaCO; and HCO;
by titration with H,SO, (Rold4dn and Ramirez, 2008);
chlorides by titration with AgNO; (Carrasquero and
Castillo, 2002); sulfates using barium chloride by tur-
bidimetric titration (Aguilera ez al., 2010); phosphates
and ammonium by colorimetric titration (D’Angelo
et al., 2001); Ca, Mg, K and Na using atomic absorp-
tion spectrometry (Pohl et al., 2012), and B by poten-
tiometric titration (Pefia et al., 2012). The electrical
conductivity (EC) was measured by reading with a
conductivity meter (Schott, Lab960 and electrode of
the same brand) at 25°C and the sodium adsorption
ratio (SAR) that consists of the ratio between Na and
Ca plus Mg (Peda et al., 2012).

The analysis by high-efficiency liquid chromatogra-
phy was carried out at the Postharvest Laboratory of
the Faculty of Agricultural Sciences at Universidad
Nacional de Colombia. The main sugars and organic
acids in the compound were determined following
the methodology of Zheng et al. (2016). The samples
were centrifuged (3,000 rpm, 5 min) to eliminate
impurities and the supernatant was stored at 4°C.
Then, 0.5 mL of the leachate sample was taken and
completed to a volume of 5 mL with H,SO, 1N solu-
tion. This solution was subjected to analysis on an
Ultimate 3000 Dionex HPLC chromatograph (Zheng
et al., 2016).
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In vitro evaluation of the antifungal activity of
cocoa leachates against Moniliophthora roreri at
variable concentrations

Collection of affected plant material and obtaining of
M. roreri isolates

Fruits with symptoms associated with frosty pod rot
were collected in the farms Filadelfia (5° 29’ 18.3” N,
74°20" 3.7 W) and El Porvenir (5° 31 2.6” N, 74° 20’
40.2” W) located in the municipality of Yacopi, prov-
ince of Rionegro, at the north of the department of
Cundinamarca (Colombia). The conditions of these
farms were as follows: an average temperature of
21.1°C (minimum of 18.8°C and maximum of 29°C),
average annual rainfall of 2,592 mm, and relative
humidity between 81 and 90% (Pinzén et al., 2012;
Penagos, 2019). In each farm, 15 trees were random-
ly selected to collect fruits with the presence of the
pathogen. These fruits were processed at the Plant
Health Laboratory of the Faculty of Agricultural Sci-
ences at Universidad Nacional de Colombia, Bogot4
campus.

Five mm explants were taken from the diseased fruits
collected, making deep cuts of the affected tissue at
the lesion site. Explants were disinfected using 70%
alcohol for 1 min, 2% sodium hypochlorite for 30 s,
followed by three washes with sterile distilled water
(Barrera and Garcfa, 2008). Then, they were seeded
in Petri dishes with Potato Dextrose Agar (PDA) me-
dium (Oxoid, Thermo Scientific, USA). The dishes
were incubated for 14 d at 25°C until sporulation. Iso-
lates of the pathogen were confirmed by macroscopic
and microscopic characterization (Phillips-Mora et
al., 2006a; Phillips-Mora et al., 2006b). Finally, mono-
sporic cultures were carried out following the meth-
odology described by Carrera-Sanchez et al. (2014).

Isolates were then cultured on PDA medium (Oxoid,
Thermo Scientific, USA), and the diameter of the
colony and sporulation were measured in eight iso-
lates obtained (data not shown) for 14 d. The isolate
with the highest rate of mycelial growth in time (mm
d?) and the highest conidia production per cm? of the
colony was selected.

Preparation of culture medium with cocoa leachates
for in vitro evaluations

Cocoa leachates were centrifuged at 3,000 rpm for
5 min to remove impurities (Sorvall Legend X1,



IN VITRO EFFECT OF COCOA LEACHATES ON MONILIOPHTHORA RORERI 5

Thermo Scientific, USA). Subsequently, they were
added to sterile PDA medium (120°C, 20 min) before
solidifying, at concentrations of 1, 2, 5, 10, and 15%
v/v in relation to the culture medium, following the
agar diffusion method (Chang et a/., 2008). Petri dish-
es with PDA and the growing pathogen were used as
controls.

On a second evaluation, a PDA medium was pre-
pared, and the cocoa leachates were added at the
same concentrations mentioned above, before the
sterilization process. The mixture of culture medium
and cocoa leachates was then subjected to autoclave
sterilization at 120°C for 45 min (Automatic electro-
mechanical autoclave, Aravell, Colombia). Petri dish-
es with PDA and the growing pathogen were used as
controls.

The third method evaluated consisted in filtering the
leachates using sterile 0.20 um filters (Millipore) after
centrifugation (3,000 rpm, 5 min). The filtered leach-
ates were added to the culture medium previously
sterilized in an autoclave. The treatments were the
same as those of the previous evaluations. Petri dishes
with PDA and non-sterilized leachates and Petri dish-
es with PDA, both with the growing pathogen, were
used as controls.

Evaluations of antifungal activity of cocoa leachates on
M. roreri

The antifungal activity of cocoa leachates to inhibit
the radial growth of the fungus was determined by
macroscopic observation, placing an agar/M. roreri
mycelium disc (5 mm radius) from monosporic cul-
tures of the 18-d-old pathogen in each of the Petri
dishes with cocoa leachates at the evaluated concen-
trations according to the treatment (Chuah et al,
2010) and controls. Radial growth was determined
by measuring the diameter (mm) of colonies for 14 d
(time during which the pathogen in the control treat-
ment completed growth in the Petri dishes).

Percentage of inhibition of M. roreri mycelial
growth

The toxicity of cocoa leachates on M. roreri was ex-
pressed as the percentage of inhibition of mycelial
growth (IMG) of M. roreri, according to the formula
proposed by Yahyazadeh et al. (2007), after 14 d of
growth on PDA culture medium (1).

IMG (%) = [(C=T) /C]x100 1)

where, C is the diameter of the pathogen colony in
the control treatment without cocoa leachates, and T
is the diameter of the pathogen colony according to
the cocoa leachate concentrations evaluated.

Evaluation of the effect of cocoa leachates on the
germination of M. roreri conidia

Cocoa leachates were centrifuged at 3,000 rpm for 5
min to remove impurities (Sorvall Legend X1, Ther-
mo Scientific, USA). Subsequently, they were added
to a sterile water agar (WA) culture medium (Oxoid,
Thermo Scientific, USA) before solidification at con-
centrations of 1, 2, 5, 10, and 15 v/v in relation to the
culture medium.

For the second evaluation method, the leachates were
added to the WA medium before sterilization at the
same concentrations. Finally, for filtered leachates,
the same concentrations mentioned above were add-
ed to the WA medium previously sterilized in an au-
toclave. To evaluate the effect of cocoa leachates on
conidial germination, 200 uL of a 4.5-10* conidia/mL
suspension of M. roreri was seeded on WA with the
concentrations of leachates to be evaluated (prepared
by the three methods previously described). Conidial
germination was determined by microscopic count-
ing (Olympus CX31, Olympus, Japan) every 24 h
for 96 h. For this purpose, 100 conidia were evalu-
ated and those conidia that showed a germ tube with
twice the diameter of the conidia were considered
germinated (Marin and Bustillo, 2002). Germination
values were calculated as the ratio between germi-
nated and the total number of evaluated conidia and
then expressed as percentage.

Evaluation of the effect of cocoa leachates on M. roreri
inoculum production

Conidia formed on sterilized and non-sterilized
leachate treatments and controls were collected 14
d after incubation by removal with 2 mL of sterile
distilled water with Tween 80. The number of co-
nidia produced was determined by quantification in
a Hemocytometer (Boeco, Germany) (Petlamul and
Prasertsan, 2012). The effect of filtered leachates on
inoculum production was not evaluated. Filtration
was considered as a complementary analysis to eval-
uate if the sterilization method may alter leachates
effect on myecelial growth and conidia germination
of M. roreri.
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Determination of EC50 value for mycelial growth and
conidia germination inhibition

The effective concentration of cocoa leachates to re-
duce mycelial growth or conidia germination by 50%
(EC50) was calculated by fitting the mycelial growth
or conidia germination rate against the log trans-
formed cocoa leachate concentrations using the best
fitting model (ILL.4) in the R package “drc” v3.0.1
(Ritz et al., 2015).

Experimental design and statistical analysis

A completely randomized design was used to evalu-
ate the antifungal activity of cocoa leachates. Five
concentrations of leachates (1, 2, 5, 10, and 15% v/v)
were evaluated for sterilized, non-sterilized and fil-
tered leachates, for a total of 16 treatments including
the control treatment (0%), in which no leachates
were added to the culture media. Seven replicates
were used for each combination of leachate concen-
tration and sterilization method. Each replicate cor-
responded to one Petri dish with the PDA medium
amended with the cocoa leachate concentration to be
assessed. Filtered leachates were assessed in five repli-
cates at each concentration due to contamination of
two of the initially established replicates. Additional
experiments were conducted to validate the obtained
results. The free statistical software R 3.6.2 (R Devel-
opment Core Team, 2019) (PBC, Boston, USA) and
the packages dplyr (Wickham ez al., 2021), ggplot2
(Wickham, 2009) and car (Fox and Weisberg, 2019)
were used for the analysis of radial growth, conidial
germination, and inoculum production data. An
ANOVA mean comparison analysis and Tukey’s test
were performed with a probability value of P<0.05.

RESULTS

Physicochemical and chromatographic analysis of
cocoa leachates evaluated on M. roreri

The analyses showed an acidic pH lower than 3.7 in
the three leachate samples from the farms La Floresta
(S1 and S3) and Filadelfia (S2) (Tab. 1); for this pa-
rameter, the three leachates showed similar values
(8.66, 3.64 and 3.49, respectively).
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The concentrations of Cl, K, and Mg were close
among the three leachate samples. The SAR also
showed similar values for the three leachate samples
evaluated (Tab. 1). On the other hand, the NH, con-
centration for samples S1 and S3 did not show differ-
ences between these two samples. However, a lower
NH, concentration was obtained in sample S2 than
in samples S1 and S3 (Tab. 1). This result shows close
values of NH, concentration in the leachates from
the farm La Floresta (S1 and S3) in contrast to those
obtained in the second farm (Filadelfia, S2). In the
case of S, leachate sample S1 showed a higher content
(240 mg L") than that found in samples S2 (74.1 mg
L?) and S3 (134 mg L*). Sample Sl obtained a Ca con-
centration of 232 mg L' compared to 67.5 mg L and
108 mg L' in samples S2 and S8, respectively (Tab. 1).
For this parameter, the higher values were observed
in the leachates from the farm La Floresta (S1, S3)
in contrast to those obtained from the second farm

(Filadelfia, S2).

Simple and compound sugars such as fructose, glu-
cose, and sucrose were found at different concentra-
tions in each of the leachates evaluated. Values for
fructose of 3,982, 1,793, and 6,332 mg L! were de-
termined in the leachates of samples S1, S2, and S3,
respectively (Tab. 1). However, the results showed a
wide variation in the concentration of this compound
between leachates S2 and S3. In the case of glucose,
close values were found among the evaluated samples
(Tab. 1). Saccharose concentration showed variation
between both farms, with close values in the samples
S1 and S3 (Floresta) and the lowest values observed
in S2 (Filadelfia).

The presence of citric, ascorbic, and malic acids
was identified. Citric and malic acids were found at
higher concentrations in sample S3. Additionally, the
leachates of S2 showed a lower content of citric and

ascorbic acids compared to the other two samples
evaluated (Tab. 1).

Selection of the M. roreri isolate

Monosporic cultures were obtained from each of the
eight isolates, and the growth speed of the colonies in
vitro and inoculum production capacity were evalu-
ated for each of them. Based on this information, one
isolate from the farm Filadelfia was selected for its
higher growth speed (90 mm diameter of the colony
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Table 1. Presence and quantity of basic compounds, sugars and main acids in the cocoa leachate samples (S1 and S3 - La Flo-
resta, S2 - Filadelfia), expressed as concentration in mg L' of compound and/or elements obtained by physicochemical
analysis of water and liquid compounds.

|
Chromatographic analysis
Fructose 3,982 1,793 6,332
Glucose 4,246 5318 3,831
Saccharose 2,032 157 1,234
Citric acid 91,677 10,160 132,693
Ascorbic acid 697 143 340
Malic acid 79,783 125,208 138,014
Physicochemical analysis
pH 3.66 3.64 3.49
Cl* 246 215 273
S0,.* 240 74.1 134
PO,* 21.0 64.9 172
NO,* 455 23.7 28.8
Ca* 232 67.5 108
K* 1,238 1,045 1,148
Mg* 186 151 132
Na* 5.43 2.41 4.29
NH,* 25.3 8.35 30.9
EC 4.3 29 34
SAR 0.06 0.04 0.07

*: measurements in mg L. EC: Electrical conductivity, SAR: Sodium absorption ratio.
S1 and S3: leachates obtained from the farm La Floresta (5° 31" 30.3" N, 74° 20" 40.39" W). S2: leachates obtained from the farm Filadelfia (5° 29" 18.3" N, 74°

20" 3.7" W). Both farms are located at Yacopi, Cundinamarca. Colombia.

12 d after incubation) and sporulation capacity (9-10°
to 1-10%conidia/cm?).

Effect of cocoa leachates on the in vitro growth of
M. roreri

Non-sterilized leachates showed a 100% inhibitory
effect on the radial growth of M. roreri (P <0.000)
from a concentration of 1 to 15% (Fig. 1A and 1B).
These results were consistent with additional experi-
ments conducted with other cocoa leachate samples
in which 100% inhibitory effect was obtained (data
not shown). The control treatment started mycelial
growth from 18 to 24 h after seeding on the medium
and continued during the 12 d of incubation, show-
ing typical M. roreri colonies with a powdery appear-
ance and beige to brown colors (Phillips-Mora et al.,
2006a; Phillips-Mora et al., 2006b).

In the culture medium prepared with the different
dilutions of non-sterilized leachates, the profuse
growth of bacterial colonies of similar size was ob-
served, both on the surface of the medium and deep
inside. The colonies showed a creamy appearance,
individual growth, whitish to cream color without
prominent elevation on the culture medium.

Regarding the leachates sterilized by autoclaving, in
the 1, 2, and 5% treatments the myecelial growth of
M. roreri did not show significant differences com-
pared to the control. In these treatments, the colo-
nies completed the total area of the Petri dish at 12
d of incubation (Fig. 1C). However, an alteration in
the morphology of the colony was observed with the
treatment of 5%. A change in pigment (hue) in the
central axis of the colony was registered, which was
of clear color and not beige (due to lower sporula-
tion), with a cottony and dense appearance compared
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Figure 1. Radial growth of M. roreri under five cocoa leachate dilutions on PDA culture medium incubated at 25 °C at 2, 4, 6,
8, 10, 12 and 14 days after incubation (DAI) and their effect on the appearance of colonies 12 DAI for non-sterilized
and sterilized leachates treatments, and 14 DAI for filtered leachates treatment. A. and B. Non-sterilized leacheates.
C and D. Sterilized leachates. E and F. Filtered leachates, control (. roreri on PDA) and leachate control (M. roreri on
PDA with 10% non-sterilized leachates). I). The data represent the mean value of seven Petri dishes (n=7) for non-
sterilized and sterilized leachates and five Petri dishes (n=5) for filtered leachates *+ standard error per treatment.
Letters refer to significant differences between means according to Tukey's test (P<0.05). Control: CTR.
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to the control (Fig. 1D). Significant differences were
found for the evaluated concentrations of 10 and 15%
compared to the control (P<0.0001 and P<0.0001,
respectively). The sterilized cocoa leachates at a con-
centration of 10% inhibited about 80% of the radial
growth of the M. roreri colony (Fig. 1C and 1D) and
the concentration of 15% showed a 100% inhibitory
effect on the mycelial growth of M. roreri (Fig. 1C and
1D). In additional experiments conducted with other
cocoa leachate samples, an inhibitory effect of 88% of
the radial growth for the concentration of 10%, and
an inhibitory effect of 100% for the concentration of
15% were observed (data not shown).

Significant differences were not found in the diam-
eter of the colony between the different concentra-
tions of filtered leachates and the control treatment
of the fungus growing on PDA. Significant differenc-
es were found in the diameter of the colony between
the concentrations of filtered leachates and the treat-
ment of non-sterilized leachates at a concentration of
10% (leachate control) (P<0.0001). The obtained re-
sult confirmed the inhibitory effect of non-sterilized
leachates on the mycelial growth of the fungus (Fig.
1E and 1F).

Percentage of inhibition of M. roreri mycelial growth

Non-sterilized leachates were the most effective,
with 100% inhibition of the mycelial growth of the
pathogen (P<0.0000) (Tab. 2). Their inhibitory effect
was maintained at all evaluated concentrations and
moments of assessment.

Autoclave-sterilized leachates were effective in in-
hibiting myecelial growth of M. roreri only at the
15% dose with a 100% inhibitory effect (P<0.000),
while the 10% dose showed an inhibition percentage
of 8.03% (P<0.000). The doses of 1, 2, and 5% did
not significantly inhibit the growth of the pathogen
(P>0.975).

Filter-sterilized leachates were not effective in inhib-
iting the myecelial growth of AL roreri (P>0.428) and
the doses of 2, 5, 10 and 15% even generated an in-
crease in M. roreri growth.

Effect of cocoa leachates on the germination of M.
roreri conidia

Non-sterilized cocoa leachates inhibited the conidial
germination of the pathogen at all the concentrations
evaluated (P<0.000), while the control showed ger-
mination percentages between 6 and 27% (Fig. 2A).
These results were consistent with additional experi-
ments conducted with other cocoa leachate samples
in which 100% inhibitory effect was obtained on the
germination of M. roreri conidia (data not shown).

Sterilized cocoa leachates showed a significant effect
on conidial germination at concentrations of 10 and
15% (P<0.001 and P<0.000). At the 10% concentra-
tion, conidial germination was between 2 and 12%,
while the control showed values between 6% and
37%. At the 15% concentration, conidial germina-
tion was less than 2% at 24 h after incubation with-
out germination at 48 h. The lowest concentrations
(1, 2, and 5%) did not show differences compared
to the control (Fig. 2B). In additional experiments
conducted with other cocoa leachate samples, the
conidial germination was 15.2% for the concentra-
tion of 10%. At the 15% concentration, conidial ger-
mination was 0% at 24 h after incubation (data not
shown).

On the other hand, filtered cocoa leachates showed
an inhibitory effect on conidial germination with a
germination percentage between 3 and 10% at con-
centrations of 5, 10 and 15% from 24 to 96 h after
seeding. These results indicate an inhibitory activity;,
although at a lower proportion than that evidenced
with non-sterilized leachates (Fig. 2C).

Table 2. Percentage of inhibition of M. roreri mycelial growth in vitro on PDA medium amended with cocoa leachates at five
concentrations.
1% 2% 5% 10% 15%
Sterilized leachates by autoclaving -0.830+0.1¢ 0.538+1.0c 0.202+04c 8.029+1.4b 100+0a
Non-sterilized leachates 100+=0a 100=0a 100+0a 100+0a 100+0a
Filtered leachates 2.667+0.34a -0.734=09a -4.036+x05a -4671+1.4a -0.621+0a

The data represent the mean value of seven Petri dishes (n=7) for non-sterilized and sterilized leachates and five Petri dishes (n=5) for filtered leachates. Letters
refer to significant differences between rows according to Tukey's test (P<0.05). Mean values = standard errors are presented.
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Figure 2. Effect of cocoa leachates on the germination of M. roreri conidia 24, 48, 72 and 96 hours after incubation (HAI) un-
der five concentrations of cocoa leachate and three methods of incorporation into the Water Agar culture medium
incubated at 25 °C. A. Non-sterilized cocoa leachates. B. Autoclave-sterilized cocoa leachates, and C. Filtered cocoa
leachates. Each bar represents the mean of seven values +standard error (n=7) or five values +standard error (n=5)
for autoclave-sterilized and filtered cocoa leachate respectively. Bars followed by different letters indicate significant
differences according to Tukey's test (P<0.05).

Effect of leachates on M. roreri inoculum production

Non-sterilized leachates at all the concentrations
evaluated inhibited A roreri conidia production

Rev. Colomb. Cienc. Hortic.

(P<0.000); in this case, the mycelial inhibition of the
pathogen was 100%, then no conidia production was
registered. In contrast, the control produced an aver-
age of 10,000 conidia/cm? of the colony. The same
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results were observed in additional experiments con-
ducted with other cocoa leachate samples (data not
shown).

Regarding sterilized leachates, a total inhibition in
the production of inoculum was observed from the
concentration of 10% (P<0.000). The concentrations
of 1, 2 and 5% showed a lower inoculum production
compared to the control, with values between 8.2-10°
and 8.5-10° conidia/cm?, but without significant dif-
ferences with the control treatment (1.1-10* conidia/
cm?) (P>0.575) (Fig. 3). The absence of sporulation
at the highest concentration of sterilized cocoa leach-
ates (15%) was also observed in additional experi-
ments conducted with other cocoa leachate samples.
Therefore, the results confirm the effect of these con-
centrations on the reduction in the production of M.
roreri inoculum.

12,000
10,000+
8,000+
6,000

4,000

Sporulation (conidia/cm?)

2,000+

B B
10% 15%

Control 1% 2% 5%
Treatments

Production of M. roreri inoculum under five con-
centrations of sterilized leachates on PDA culture
medium incubated at 25 °C on day 14 after incuba-
tion. The data represent the mean of seven Petri
dishes (n=17). Values with different letters indicate
significant differences according to Tukey's test
(P=<0.05).

Figure 3.

EC50 value for mycelial growth and conidia
germination inhibition

The estimation of EC50 showed that the effective
cocoa leachates concentration to reduce mycelial
growth rate by 50% was 11.25% for the sterilized
leachates, 0.974% for the non-sterilized leachates and
2.039% for the filtered leachates. The EC50 obtained
for conidia germination inhibition assay was 10.25%
for the sterilized leachates, 0.980% for the non-ster-
ilized leachates, and 1.011% for the filtered leachates
(Tab. 3).

Table 3. EC50 values (%) estimated using mycelial growth
inhibition and conidia germination.

EC50 SE EC50 SE
Sterilized 11.252 1.09 10.250 41.18
Non-sterilized 0.974 0.54 0.980 1.01
Filtered 2.039 0.46 1.01 on

The data represent the effective concentration values of cocoa leachates to
reduce mycelial growth or conidia germination by 50% (EC50). EC50 and SE
(standard error) values were obtained by fitting the mycelial growth or conidia
germination rate against the log transformed cocoa leachate concentrations
using the best fitting model (ILL.4).

DISCUSSION

The physicochemical and chromatographic analysis
of cocoa leachates showed variation for the different
evaluated parameters. In general, glucose and fruc-
tose showed higher concentrations in contrast to sac-
charose. The concentrations of citric and malic acids
tended to be higher in comparison to those of ascor-
bic acid. Cl, NOgz;, Mg and K tended to show similar
values between leachate samples, and PO, and Ca
showed a higher variation. Concerning the origin of
the leachates, although variations were found among
samples, a tendency to have similar concentrations
was observed in the leachates obtained from the same
farm at different times. S1 and S3 (Floresta) showed
contrast with S2 (Filadelfia) regarding the contents
of fructose, saccharose, ascorbic and citric acids, glu-
cose, Na, EC, Cl, SO,, Ca and K; glucose concentra-
tion was higher in S2 leachates.

Pacheco-Montealegre et al. (2020) stated that the fer-
mentation process in cacao varies depending on the
environmental conditions, fermentation protocol of
the farm and genetics of the plant material, among
others. Therefore, the content variations observed
in the leachates assessed in this study, regardless of
the similarities between both farms, may be due to
factors found by Pacheco-Montealegre et al. (2020) in
their study. Despite the variation observed, according
to our results, the effect of the leachates on the in
vitro growth of M. roreri seems not to depend on the
content variations but on the compounds (fructose,
saccharose, glucose, ascorbic and citric acids, glucose,
Na, EC, CI, SO,, Ca and K) present in the liquid prod-
ucts. These compounds were the same in the three
leachate samples evaluated in this study. The ob-
served inhibition of M. roreri may be not only related
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to the presence of the compounds mentioned above
but also to the microbiological composition of the
leachates. The high percentage (100%) of inhibition
of the pathogen obtained with non-sterilized leach-
ates at the five concentrations and the low effect ob-
served with sterilized leachates by autoclaving and
filtered leachates indicate that both, chemical and
microbiological compositions of the cacao leachates
may play a role in the inhibition of M. roreri.

The antifungal activity of some types of leachates
has been previously reported by authors such as Ozer
et al. (2002), who demonstrated that leachates from
composted alfalfa and sunflower stalks inhibit the
production of pectolytic enzymes and isoenzymes of
Aspergillus niger in treated onion seeds. Huang et al.
(2012) and Yang et al. (2015), using in vitro analyses,
demonstrated that aqueous leachates and volatile
compounds produced by Chinese leek (Allium tu-
berosum) inhibit the growth of Fusarium oxysporum f.
sp. cubense race 4 (Foc TR4), conidia proliferation and
germination, and the activity of cell wall-degrading
enzymes produced by the fungus.

The inhibitory activity of cocoa leachates on the
germination of M. roreri propagules observed in this
study showed a similar effect to that reported by Mo-
gollén and Castafio-Zapata (2010), who obtained a
total inhibition of conidial germination of the patho-
gen when using banana rachis leachates at concentra-
tions of 90% for the in vitro control of Paracercospora
fijiensis (Morelet) Deighton. In this study, non-steril-
ized cocoa leachates showed an inhibitory effect on
conidial germination from a concentration of 1%.
This could suggest variable effectiveness of leachate
concentrations depending on the plant species these
leachates are obtained from and the target pathogen.

Banana rachis leachates have been used in foliar
sprays for the control of fungal diseases in plants. Al-
varez et al. (2001) mention that applications of 5%
fulvic acid from banana leachates have generated a
decrease in the severity of powdery mildew in roses
caused by Sphaerotheca pannosa. Arenas et al. (2004)
report the use of fulvic acid for the control of My-
cosphacerella fijensis and Ralstonia solanacearum Race
2 (causal agent of banana moko disease), achieving
reductions of 31.6% in the incidence of the disease. In
this study, an inhibitory effect on M. roreri of 100%
(Tab. 1) was generated from the lowest concentration
of non-sterilized cocoa leachates, while an inhibi-
tory effect of 8.0% on the radial growth of M. roreri
was observed from the concentration of 10% in the
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sterilized leachates. This suggests that compounds
in cocoa leachates like ascorbic and citric acids may
contribute to the inhibition of the pathogen through
mechanisms that need to be evaluated in subsequent
studies. Recent studies have reported the fungicid-
al and bactericidal effect of citric acid, which was
shown to inhibit growth of bacteria Shigella sp. (In et
al., 2013), and phytopathogenic fungi Colletotrichum
sp., the causal agent of anthracnose of cucumber and
gourds (Kang et al., 2003; Morgunov et al., 2017). Ad-
ditionally, exogenous applications of ascorbic acid
have been found to induce disease resistance in some
pathosystems (Boubakri, 2017). The application of
ascorbic acid along with jasmonic acid enhanced the
accumulation of phytoalexins in rice, and ascorbic
acid alone induced resistance against Huanglongbing
in citrus plants (Li et al., 2016). The application of
derivative compounds of ascorbic acid induced resis-
tance against Turnip mosaic virus in turnip (Fujiwara
et al., 2013). Ascorbic acid has also been found to
be active against fungal pathogens such as the rice
blast fungus Magnaporthe oryzae, which decreased
the percentage of normal appressorium formation af-
ter treatment with this acid (Egan et al., 2007). Both
ascorbic and citric acids were found to be present in
the cocoa leachates evaluated, which can suggest a
possible effect of these compounds on the inhibition
of M. roreri.

The high effectiveness of non-sterilized cocoa leach-
ates that completely inhibited radial growth and
conidial germination of M. roreri can be explained
based on results of previous studies conducted with
leachates from different plant species. In cocoa, mi-
crobial communities in the fermentation process are
mainly Enterobacteriaceae related bacteria, Lactic Acid
Bacteria, Acid Acetic Bacteria and yeasts (Camu et
al., 2007; Okiyama et al., 2017; Pacheco-Montealegre
et al., 2020). Ceballos et al. (2012) found that during
the fermentation processes to obtain leachates from
banana rachis, many microorganisms are present in
these substances and are responsible for the segre-
gation of numerous secondary metabolites that can
act as biocides on other microorganisms. Bacteria in-
volved in fermentation processes such as Bacillus sub-
tilis and B. amyloliquefaciens can produce metabolites
(chitinolytic and glucanolytic enzymes) that alter
the structure of the mycelium cell wall and fungal
ascospores, inhibiting the development of pathogenic
microorganisms under in vitro conditions (Ceballos et
al.,2012). Ouattara et al. (2011) reported that Bacillus
strains are involved in the production of pectinolytic
enzymes during cocoa fermentation. They identified
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six species of Bacillus, including Bacillus subtilis. Cocoa
fermentation microbiota also vary according to the
geographic area, but most of the Bacillus strains have
been reported as constituents of cocoa fermentation
microbiota in Brazil (Schwan er al., 1986), Trinidad
(Ostovar and Keeney, 1973) and Ghana (Carr et al.,
1979; Nielsen et al., 2007). This could suggest that the
combined action of microorganisms and substances
(citric and ascorbic acids found in our samples) pres-
ent in non-sterilized cocoa leachates increases the
effectiveness of the compound to inhibit M. roreri
compared to sterilized cocoa leachates. Nevertheless,
bacterial species with antifungal effects that are pres-
ent in the cocoa fermentation process have to be de-
termined in further studies.

In addition to the above, authors such as Garcia-Ar-
misen ez al. (2010) detected bacteria of the genera 1a-
tumella, Fantoea, and Erwinia during the fermentation
process. Although some of these genera may be plant
pathogens, these authors think they may contribute
to citrate consumption since they are microorgan-
isms that compete against other plant pathogens
for space and nutrients. The analysis conducted by
Pacheco-Montealegre et al. (2020) also showed that
bacteria of these genera may be present in the ca-
cao fermentation process. Additionally, Viesser et
al. (2021) reported three major microbial groups in
the cocoa fermentation process: lactic acid bacteria,
acetic acid bacteria, and yeasts. These authors found
that B. subtilis strains present in the cocoa fermen-
tation process were associated with the production
of pectinase and secondary metabolites such as lactic
and acetic acids. Although we did not measure the
acetic acid in our leachate samples, this compound
has been reported as a key component for an effi-
cient fermentation of cocoa beans (Soumahoro et al.,
2020). Also, acetic acid is recognized for its antifungal
and antibacterial properties, and has been applied for
control of plant pathogens, such as seed-borne fungi
(Dorna et al., 2021). This could explain the greater
inhibitory effect of non-sterilized cocoa leachates on
M. roreri, which can result from the combined action
of microorganisms and compounds typically found
in the leachates such as acetic acid.

The inhibitory effect of the filtered leachates on M.
roreri was not observed during the test. From the 2%
concentration, the leachates even contributed to
the growth of the fungus at percentages between
0.6 and 4.7%. This could be due to the elimination
of microorganisms that compete with the pathogen
for space and nutrients, thus limiting its growth.

Filter sterilization can eliminate microorganisms
producing compounds with the potential to control
M. roreri, reducing the control effect of leachates.
On the other hand, an inhibitory effect of the fil-
tered leachates was not observed at concentrations
of 10 and 15%, as observed in the sterilized leach-
ates. Although the heating at high temperatures of
certain substances in the leachates eliminates im-
portant microorganisms, it may also generate some
chemical reaction in their compounds that contrib-
utes to maintaining their capacity to control M. ro-
reri. The degradation or oxidation of products such
as ascorbic acid at heating temperatures of 100°C
was reported to produce compounds such as furfu-
ral, 2-furoic acid, and 3-hydroxy-2-pyrone (Yin et al,,
2022). Among these products, furfural is the main
degradation product of ascorbic acid. This com-
pound is reported as a very effective fungicide and it
was found that as little as 0.5% furfural is sufficient
to entirely prevent the growth of the mold Penicil-
lium. Furfural was observed to be particularly effec-
tive in inhibiting the growth of wheat smut (Ti/letss
foetens) (Zeitsch, 2000). Similarly, furfural from pine
needle extract was shown to inhibit the growth of
Alternaria mali the causal agent of Alternaria blotch
of apple. The authors of that study mention that
although furfural itself can not be completely sub-
stituted for an antifungal agrochemical, a partial
mixture of furfural and antifungal agrochemical is
effective as a fungicide (Jung et al., 2007).

Studies conducted to evaluate the microbial composi-
tion associated to the cocoa fermentation in different
cocoa production areas in Asia, Africa, South Amer-
ica (Ecuador and Colombia) and Central America
(Mexico) have reported bacteria in the families En-
terobacteriaceae, Lactobacillaceae and Acetobacteraceae
and yeast as such as Hanseniaspora opuntiae, Picha sp.,
Pichia kudriavzevi, and Wickerhamomyces pijperi (Ar-
dhana and Fleet, 2003; Garcia-Armisen ez al., 2010;
Papalexandratou et al., 2011; Papalexandratou et al.,
2013; Arana-Sénchez et al., 2015; Pereira et al., 2016;
Pacheco-Montealegre et al., 2020). Therefore, it is
highly probable that the bacteria and yeast present in
the cacao leachates used in this study belong to these
taxonomic groups.

Pacheco-Montealegre et al. (2020) stated that the dy-
namics of microbial fermentation in cacao vary be-
tween farms, protocols used and time of the process
that changes the bacterial composition during fer-
mentation. Nevertheless, our study evaluated cacao
leachates at 24 h of the addition of fresh harvested
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seeds of similar genetic plant material. Additionally,
the fermentation process was conducted following
similar procedures at the farm level and under com-
parable environmental conditions. In this sense, the
obtained results in terms of the effects of the leach-
ates on the in vitro growth of M. roreri seem to be
more influenced by the leachates condition (filtered,
sterile or non-sterile) than by their source of origin.
This, despite the variation observed in the chemical
composition of the leachates between farms. Our
results may be explained by the findings reported
by Pacheco-Montealegre et al. (2020) who showed
that, although there is heterogeneity in the microbial
transitions in the cacao fermentation process from
a general perspective, the functional groups present
over time may be predictable. Those microorganisms
potentially involved in the in vitro control of M. roreri
may belong to these groups.

Banana leachates have been reported to be a mixture
of humic and non-humic substances. Within the non-
humic substances, we can find compounds such as
sugars, amino acids, polysaccharides, and proteins,
whereas the mixture of different macromolecular
complexes is reported within the humic substances
(Arenaset al., 2004; Alvarez et al., 2015). Additionally,
the use of plant leachates involves the action of mi-
croorganisms in charge of microbial decomposition
and the production of natural compounds that act
as factors inhibiting the pathogen, since they prevent
the germination of conidia and the penetration of
potential fungal pathogens (Arenas et al., 2004; Ozer
and Koycti, 2006). The inhibitory effect of leachates
can be attributed to the action of biochemical com-
pounds with antimicrobial effects such as phenolic
acids, saponins, essential oils, naphthoquinones, and
terpenoids. It can also be attributed to direct antago-
nism due to antibiosis, parasitism, or competition
(for space or nutrients) (Mainer, 2009; Bubici et al.,
2019). This suggests that certain acids present in
leachates, such as citric acid and ascorbic acid, that
were found in cocoa leachates during this study, may
exert a control activity on fungal pathogens as pre-
viously demonstrated in research analysis conducted
on some pathosystems. Therefore, future studies
should analyze the control potential of this type of
compound.

The use of cocoa leachates as a method to control
M. roreri could be a great advantage for the farmer
since it is a product generated naturally by the trans-
formation processes of cocoa beans on the farm.
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Additionally, leachates, especially without steriliza-
tion, are natural products that exert effective control
of the pathogen from low concentrations. However,
it is necessary to carry out more studies to confirm
that the microorganisms present in leachates do not
represent a risk for human consumption and can be
safely applied to cocoa fruits. It is important to note
that this is the first study to evaluate the activity of
cocoa leachates for the in vitro control of M. roreri.
For this reason, the results obtained were contrasted
and discussed with studies carried out with leach-
ates from other vegetable species. Therefore, further
studies must deepen in the compounds and microbio-
logical composition of cacao leachates that may be
involved in the inhibition of M. roreri. Additionally,
it is necessary to conduct research that confirms the
effect on the pathogen found, but using cacao leach-
ates obtained under variable fermentation procedures
at the farm level.

CONCLUSIONS

The cocoa leachates showed variation for the differ-
ent evaluated parameters. The effect of the leachates
on the in vitro growth of M. roreri seems not to depend
on the content variations but on the compounds
present in the liquid products. The highest inhibition
of M. roreri radial growth and conidial germination
was obtained with non-sterilized leachates at all con-
centrations evaluated, and with autoclave-sterilized
leachates at concentrations of 10 and 15%. The anti-
fungal ability of non-sterilized cocoa leachates from
low concentrations can be attributed to the com-
bined action of the compounds and microorganisms
present in the substance. The inhibitory effect on M.
roreri of sterilized cocoa leachates is possibly attribut-
ed to specific compounds such as citric and ascorbic
acids. The antifungal activity of these acids has been
reported in the literature and these compounds were
found in the cocoa leachates using chromatographic
tests. The filtered leachates proved not to be an ef-
ficient method for the in vitro control of . roreri in
comparison with the other two leachates evaluated.
The results obtained in this study show the control
potential of cocoa leachates on M. roreri in vitro, which
is a limiting pathogen of the crop. This suggests that
further studies are required to clarify the microbio-
logical and chemical effects and composition of the
cocoa leachates. Additionally, in vivo evaluation needs
to be conducted to confirm cocoa leachates as an al-
ternative for commercial cacao crops.
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