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Abstract
The cacao tree surface is a substrate for various microorganisms. However, the species which live on the surface have hardly been
described. The aims of this study were to evaluate the diversity of native cacao yeasts and to investigate their possible interaction
with Moniliophthora perniciosa. A total of 225 yeast strains were isolated from the surface of leaves, fruits, and flowers of 20
cacao genotypes selected as carriers of resistance genes toM. perniciosa andM. roreri, which are the causal agents of witches’
broom (WB) and frosty pod rot diseases (FPR), respectively. The yeast isolates were molecularly identified based on sequences
of the D1/D2 and ITS1/ITS4 regions of the rDNA. A total of 20 taxa distributed into 11 genera was found: Hannaella (23),
Cryptococcus (9), Candida (11), Hanseniaspora (4), Kwoniella (1), Occultifur (3), Rhodotorula (17), Pichia (2),
Sporobolomyces (1), Wicherhamomyces (1), and Yamadazyma (1). Phylloplane tissues showed the greatest richness: 55% of
species and 81.82% of identified genera. Six yeast strains (Candida orthopsilosis—LEV 225; Hanseniaspora uvarum—LEV
162, 210, 211; and Rhodotorula paludigena—LEV 166, 168) exhibited the desired traits for a BCA agent: antibiosis in
cocultivation, antibiosis by volatile compounds, germination inhibition, and production of killer toxins. This study is the first
to show the great diversity of yeasts found in the cocoa phytobiome and the discovery of at least six microorganisms with
excellent potential as BCA against cocoa witches’ broom disease.
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Introduction

Cacao tree is among the most important perennial crops in the
world; annual production of dry cocoa beans is estimated at
4834 t (ICCO 2019). Cacao originated in tropical forests of
South America (Cuatrecasas 1964) and is commercially exploited

by the food industry to produce chocolate, jellies, pulps, and other
products in America’s equatorial, Africa, and Asia.

During three decades, Brazil remained as one of the largest
cacao-producing countries in the world, reaching a production
of 238, 879 t dry cocoa beans in 2020 (IBGE 2020).
Currently, Brazil ranks seventh in world production, and
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Bahia is the main cacao-producing state (ICCO 2019).
However, economic factors, climate problems, and especially,
the appearance of witches’ broom (WB) disease caused by the
fungus Moniliophthora perniciosa (Stahel) Aime and
Phillips-Mora led to an enormous socioeconomic crisis in
the region, causing Brazil to shift from being a cacao exporter
to importer of cocoa beans (Bowers et al. 2001; Marelli et al.
2009; Midlej and Santos 2012; Teixeira et al. 2015).

Since then, efforts have been made to control WB that
comes up against pathogen intrinsic factors and environment
conditions for this crop cultivation using the so-called
cacao–cabruca system or ‘cabruca agroforestry system’
which is characterized by understory tree species in
Atlantic Rain Forests (Tavares 1979; Rice and
Greenberg 2010; Duarte et al. 2013).

Crop management and application of chemical fungicides
alone were not successful to control WB in the cacao crop, but
genetic and biological controls have been the most effective
alternatives against this disease mainly if they are applied
together (Pimenta Neto et al. 2018; Ferraz et al. 2019). In
relation to biological control product Tricovab®, based on
Trichoderma stromaticum, developed, produced, and distrib-
uted by Comissão Executiva do Plano da Lavoura Cacaueira
(CEPLAC), it is effective in reducing fungal sporulation.
However, production of the fungus is expensive, which rein-
forces the need for other sustainable biological strategies to
control WB (Loguercio et al. 2009; Pomella et al. 2007).

In this context, prospecting yeasts from the cacao tree
phytobiome as biological control agents (BCA) seem to be a
promising, less expensive and safe alternative (GRAS (gener-
ally recognized as safe)) for humans and animals. Yeasts are
safe to manipulate and have great competitive potential
(Zhang et al. 2007); they release killer toxins (Platania et al.
2012), produce volatile compounds (Bruce et al. 2003), and
secrete hydrolytic enzymes that can degrade the phytopatho-
gen cell wall (Masih and Paul 2002; Urquhart and Punja 2002;
Lu et al. 2014). In addition, yeasts can withstand environmen-
tal changes and stressful conditions (Sui et al. 2015) are are
tolerant to pollutants, essential oils, phytoalexins, and some
fungicides (Valdebenito-Sanhueza 2000); they can survive
saprophytically (Afsah-Hejri 2013) and tolerate adverse con-
ditions (Hu et al. 2015).

Particularly for the cacao tree crop, a worldwide commod-
ity, yeasts studies have been directed to the cacao bean fer-
mentation process (Daniel et al. 2009;Moreira et al. 2013) and
to standardize the quality of products for the chocolate manu-
facture (Leal Jr et al. 2008). Thus, there is a gap regarding the
prospection of native yeasts of the cacao tree phytobiome as
BCAs to the main pathogens of this crop. With that in mind,
this research aimed to isolate yeasts present in the cacao tree
phytobiome in the southern region of Bahia State to know
their diversity and prospect the most promising ones as
BCAs against M. perniciosa, the causal agent of WB.

Material and methods

Sampling site

The samples used were from Ilhéus, a southern coast city of
the state of Bahia, Brazil (14°47′20″S, 39°02′58″W and alti-
tude of 52 m), located at 460 km from the state capital,
Salvador. Ilhéus has an area of 1584.693 km2, which is part
of the 8% of the Atlantic Forest remnants, characterized by tall
trees of evergreen leaves and abundance of epiphytes. Cacao
trees are grown under the canopy of native trees. The region
has an equatorial climate (Köppen–Geiger climate classifica-
tion), significant rainfall throughout the year, even in the driest
month, with average annual temperature of 24.4 °C, and rain-
fall of 1419 mm. Samples were collected in the rainy period.

The cacao trees selected as substrate for bioprospecting of
yeast-like fungi in this study are part of the Cacao Breeding
Program of the CEPLAC, and they grow in experimental areas
of the Cacao Research Center, Ilhéus (14°46′3.46″S; 39°13′
57.31″W). Samples were obtained from 16 cacao genotypes
characterized as resistant to Moniliophthora perniciosa, one
of them being clone (EET 392), and selected plants of 15
progenies (P213, P225, P232, P238, P243, P245, P247,
P253, P258, P278, P282, P284, P285, P300, and P309)
(Silva et al. 2010; Pimenta Neto et al. 2018), and four other
clones carrying resistance genes to M. roreri (EET 233, EET
75, ICS 95, and UF 233) (Phillips-Mora et al. 2007).

Yeast isolation and preservation

The yeasts were isolated following as described elsewhere
(Assis et al. 1999). Five samples from different plant tissues
(flower, leaf, and fruit) of each cacao tree genotype were col-
lected and taken to a laboratory. Three samples were random-
ly collected in the upper, middle, and lower extracts of the
outer edges and two in the inner part. Plant parts sampled were
not surface sterilized because of the interest in obtaining
yeasts that could be colonizing epiphytically. Isolation was
made from young healthy plant materials: leaves presenting
green petioles, green fruits, and open flowers and without
lesions, disease, or presence of insects. One gram of each
sample was suspended in 9 mL of saline solution (0.85%
NaCl) containing chloramphenicol (50 mg L−1) and sonicated
for 15 min in an ultrasonicator (Quimis 0335D). Serial dilu-
tions of the suspended yeast sample were performed in saline
solution + chloramphenicol (50 mg L−1). The yeast suspen-
sion concentration was defined based on quantification in
Neubauer chamber and measurement of optical density by
reading in a spectrophotometer (SpectraMax® Paradigm®
Multi-Mode Detection Platform, Molecular-Devices Japan,
Tokyo, Japan) at 595 nm. Aliquots of 300 μL of each dilution
were distributed in sterilized plates containing yeast extract
peptone dextrose agar (YEPD) (0.15% yeast extract, 1%
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neopeptone, 4% dextrose, 2% agar, and 0.05% chloramphen-
icol). The plates were incubated at 28 °C for five days, and the
yeasts were analyzed for morphological characteristics of col-
onies and cells. One representative sample of each yeast col-
ony was grown in YEPD to obtain pure cultures, which were
maintained in tubes containing potato dextrose agar (PDA)
(Himedia®) at 4 °C and in 20% glycerol at − 80 °C.

Detection of antifungal activity by diffusible and
volatile compounds

The antifungal activity of 172 yeast isolates was evaluated by
comparing co-cultivations of four molecularly distinct
M. perniciosa isolates (Mp 4009, Mp 4010, Mp 4031, Mp
4145; Patrocínio et al. 2016), according to Mariano et al.
(2005). Disks (Ø 5 mm) of culture medium containing fungal
structures ofM. perniciosa were removed from the peripheral
region of the growing isolate and picked at the center of Petri
dishes (Ø 9.5 cm) that contained PDA medium (Himedia®).
The yeast isolates were placed on plates containing
M. perniciosa isolates, bordering the discs deposited in the
center of the plate. The plates were incubated for 10 days at
25 °C in a growth chamber. From day six, they were evaluated
for inhibition ofmycelial growth by daily measuring of colony
diameter. The colony diameter was evaluated with a
Mitutoyo® (Japan) caliper in two orthogonal measurements.
Five replications were made and the experiment design was
completely randomized. The control consisted of plates con-
taining culture medium, seeded with the pathogen alone.
When the pathogen growth in the control reached the plate
edges, the percentages of growth inhibition were calculated
according to the formula of Topps andWain (1957): I%= [(A
− B)/A] × 100, I% is the percentage of inhibition, A is the
mean growth diameter in the control, and B is the mean diam-
eter growth in the treatment.

Determination of the producing potential of volatile
antifungal compounds

Antifungal action was detected in volatile compounds through
the culture technique in split Petri dishes containing PDA
medium (Himedia®). Sixty-six yeast isolates previously se-
lected with antifungal activity to M. perniciosa were com-
pared with the four M. perniciosa strains. The yeast isolate
was inoculated on one side of the plate, and a disc containing
fungal structures of the pathogen was placed on the other side
of the plate. The plates were incubated for 10 days at 25 °C in
a growth chamber and evaluated daily using a caliper ruler
with 0.5 mm accuracy. Five replications were made and the
experiment design was completely randomized. The control
consisted of plates containing culture medium with only the
pathogen. The percentage of growth inhibition was calculated
according to Topps and Wain (1957).

Heatmap analysis with yeast cluster for evaluation of
diffusible and volatile compounds

A matrix generated for the treatments (yeast isolates) was
evaluated using the R 3.6.2 program (R Core Team 2019),
which allowed the construction of heatmaps (Gu 2016) using
Euclidean distance to evaluate yeast clustering based on the
inhibition profile by diffusible and volatile compounds, and
volatile compounds alone, in the inhibition of mycelial growth
of four M. perniciosa strain.

Determination of potential to inhibit basidiospore
germination

The yeast isolates tested were cultured in liquid YEPD medi-
um and incubated at 150 rpm and 28 °C in an orbital shaking
incubator (ACBLABOR® AC-830) for 72 h. The secretome
or crude extract was obtained based on Coelho et al. (2011),
45 mL of YEPD liquid medium and 5 mL of the standard
yeast suspension (108 CFU mL−1) was used for measuring
the optical density in a spectrophotometer at 595 nm. The
sample was centrifuged at 6500 g for 15 min at 10 °C, sepa-
rating the supernatant from the yeast cells. The supernatant of
the 66 evaluated yeasts was filtered with a sterile syringe and a
0.22-μm Millipore® syringe filter, isolating the remaining
cells. The filtrate was stored in a freezer at − 80 °C for the
preservation of bioactive molecules until use for the tests to
inhibit the germination of M. perniciosa spores. Aliquots of
the yeast secretome and basidiospore suspension (106), at a 1 :
1 ratio, were homogenized (together) in 2-mL microtubes and
poured in Petri dishes (60 × 15 mm). The experimental design
was completely randomized, with two plates divided into
quadrants; each quadrant constituted one replication, totaling
eight replications (treatments). They were evaluated at 6 h
after incubation by counting the number of total and germi-
nated spores in the area, using a 40x objective optical micro-
scope at three distinct points in each quadrant. The basidio-
spore whose germ tube was greater than or equal to its length
was considered germinated and the percentage of spores was
calculated for each replication. The size of the germ tube was
measured under the microscope with a micrometer adapted to
the microscope eyepiece (Mares et al. 2016). The data
were transformed [(Sqrt (x + 0.5)] and subjected to anal-
ysis of variance (ANOVA) followed by Scott–Knott test
(p ≤ 0.01), using R version 3.6.2 environment (R Core
Team 2019), with the SK function of the Scott-Knott
package (Scott and Knott 1974).

Determination of the killer factor

The killer activity of 66 yeast isolates was investigated by co-
cultivating the selected yeasts and reference strains as a killer
sensitivity standard. The tests were performed using the
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sowing technique with YEPD-MB agar (1% yeast extract, 2%
glucose, 2% peptone, 2% agar, 0.003% methylene blue, and
buffered to pH 4.0 with phosphate citrate buffer 0.5 M) in
Petri dishes as described by Sangorrín et al. (2001). The yeasts
were resuspended in 0.85% saline solution to a concentration
of approximately 5 × 105 CFUmL−1. Then, 100μL of this cell
suspension, corresponding to each of the sensitive strains
(Saccharomyces cerevisiae NCYC1006® and Candida
glabrata Y55 ATCC90525®), was spread on the YEPD-
MB agar medium surface in the Petri dishes (Ø 90 × 15 mm)
using a Drigalski spatula. After the suspension dried, the yeast
isolates were point-shaped inoculated. Thus, it was possible to
inoculate 11 test isolates plus the killer toxin-producing strain
in each Petri dish. Three replications were made and the ex-
periment design was completely randomized. The plates were
incubated in a BOD chamber at 25 °C for 72 h and evaluated
daily. The presence of killer phenotype (K+) was found in
isolates that caused a clear inhibition zone with no sensitive
yeast growth around the colony, which was delimited by an
adjacent halo of blue-stained cells, denoting cell death and
killer activity (Young 1987).

Multivariate analysis of antifungal activity

To jointly assess the effect of all variables: antifungal activity,
volatile compounds, inhibition of basidiospore germination,
and killer activity, a principal component analysis (PCA) anal-
ysis was performed. For this, the values of the inhibition of
basidiospore germination variable were converted to a binary
system and the matrix containing the measurements of those
four variables were used in the PCA. The PCAwas performed
in R version 3.6.2 environment (R Core Team 2019), with the
function prcomp (stats package) with the parameters center =
TRUE and scale = TRUE. The k-means function (stats pack-
age) was applied in the PCA, for partial grouping in 2 clusters.
A biplot, with components 1, 2, and 3, was plotted using the
function plot3d (package rgl) together with the groupings.

Evaluation of yeast–Moniliophthora perniciosa
interaction in liquid culture medium

The yeast Hannaella sp. (LEV 207—107 ufc) was co-
cultivated with the pathogen M. perniciosa (Mp 4009: disks
of culture medium containing fungal structures) in 125-mL
conical flasks containing 22.5 mL of potato dextrose (PD)
medium, adding to them 2.5-mL aliquots of the yeast isolate
and a disc containing fungal structures of the pathogen, with
shaking at 150 rpm at 28 °C in a thermal shaker, forming
different types of yeast treatments and reinoculation. The
t rea tments used were T1 = Hannael la sp . , T2 =
M. perniciosa, T3 =Hannaella sp. +M. perniciosa (simulta-
neous), T4 =Hannaella sp. +M. perniciosa (simultaneous) +
1 yeast reinoculation (after 120 h), T5 =Hannaella sp. +

M. perniciosa (simultaneous) + 2 yeast reinoculation (after
96 and 1920 h), T6 =Hannaella sp. +M. perniciosa (simulta-
neous) + 3 yeast reinoculation (after 48, 144, and 216 h), T7 =
Hannaella sp. + simultaneousM. perniciosa) + 4 yeast reinoc-
ulation (after 48, 96, 144, and 192 h), T8 =Hannaella sp. +
M. perniciosa (simultaneous) + 1 yeast reinoculation (after
192 h), and T9 =M. perniciosa + Hannaella sp. (after
168 h + 1 reinoculation after 216 h). Samples were collected
and vacuum filtered on Whatman® 110 mm Ø filter paper at
10 days after the assay begun, then, quantified for dry biomass
on an analytical balance. The dry sample was obtained
through dehydration using an oven at 70 °C for 48 h.
Glucose consumption was inferred by the quantification of
reducing sugars in a DNS (dinitrosalicylic acid) assay
(Miller 1959). Aliquots (0.1 mL) of the liquid fraction of each
treatment were placed in test tubes and 0.9 mL of distilled
water was added, followed by 3 mL of DNS reagent. The
mixture was boiled for 5 min and cooled to room temperature,
and 7 mL of distilled water was added. The absorbance values
of the samples were collected at 540 nm. The absorbance was
measured in comparison to a blank sample in a spectropho-
tometer. The experiment was conducted in a completely ran-
domized design with three replications.

Molecular analyses for yeast isolates identification

Eighty of the yeast isolates, selected by their distinct morpho-
physiological characteristics, were molecularly identified.
Total DNA was extracted using the UltraClean® Microbial
DNA Isolation kit (MoBio, USA), following the manufac-
turer’s recommendations. DNA integrity and quantity were
verified by electrophoresis in 1.0% agarose gel stained with
ethidium bromide and viewed under ultraviolet light, followed
by photodocumentation and quantification with a Qubit® 2.0
Fluorometer (Invitrogen).

The D1/D2 region of the large subunit (26S) of the rDNA
were amplif ied with the primers NL1 (5 ′-GCAT
ATCAATAAGCGGAGGAAAAG-3′) and NL4 (5′-GGTC
CGTGTTTCAAGACGG-3′) (O’Donnell 1993). Reactions
were prepared with the following reagents and concentrations:
60 g of DNA from each sample, 1x of Taq DNA polymerase
buffer, 3.7 mM of MgCl2, 0.6 pmol μL−1 of dNTPs,
0.4 pmol μL−1 of each primer, and 2.5 U of Taq DNA poly-
merase, with final volume adjusted to 50 μL with ultrapure
water. Amplification cycles were performed in the Veriti
Thermal Cycler PCR (Applied Biosystems), with initial dena-
turation temperature of 95 °C for 5 min; and 35 amplification
cycles of three steps: at 95 °C for 30 s, at 54 °C for 30 s, and at
72 °C for 7 min; and final extension temperature of 72 °C for
10 min. The amplified products were applied in 1% agarose
gel, which was used to do electrophoresis, and stained with
ethidium bromide, and visualized under ultraviolet light.
Then, the amplicons were purified using the PureLink™
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PCR Purification kit (Invitrogen), quantified with Qubit® 2.0
Fluorometer (Invitrogen) for subsequent nucleotide identifica-
tion, using the automatic sequencer ABI-Prism 3500 Genetic
Analyzer (Applied Biosystems). The sequences were edited
and assembled using the Sequencher 4.1.4 program (Gene
Code Corporation). Taxonomic identification of the isolated
yeasts was verified through the database GenBank, using the
Basic Local Alignment Search Tool (BLASTn) of the NCBI
(http://www.ncbi.nlm.nih.gov).

The yeast isolates were subjected to a second sequencing
with the ITS region (ITS1 and ITS4 primers), as described by
White et al. (1990), to confirm the species to which they
grouped or the impossibility of separating the sequences ob-
tained at the species level only with study of the D1/D2 re-
gion/domain.

Yeast diversity evaluation

Richness, relative frequency, and similarity were evaluated as
ecological attributes. Richness was defined as the total num-
ber of species found in each plant organ, in each genotype, and
each group of plants characterized as resistant to
M. perniciosa andM. roreri. Relative frequency was calculat-
ed based on the formula F= n × 100/N, where n is the number
of samples in which a species or genus was found and N is the
total number of samples in each plant organ or in each resis-
tance standard. The following frequency classes were deter-
mined: sporadic (F ≤ 10%), slightly frequent (10 < F ≤ 30%),
frequent (30 < F ≤ 70%), and very frequent (F > 70%) (Dajoz
1983). The similarity between plant tissues and resistance
standards was measured by the Sorensen Index (Muller-
Dombois 1981), S = 2c.100/a + b, were c is the number of
yeasts common to two plant tissues or two resistance stan-
dards and a + b is the number of yeasts present in the tissues
or resistance standards. The formula S = 3d.100/a + b + cwas
used for the three plant tissues studied, where d is the number
of yeasts found in three plant tissues and a + b + c is the num-
ber of fungi present in the tissues. Venn diagrams were devel-
oped to show the number of taxa shared between communi-
ties. The diagrams were generated in the R 3.0.1 program,
using the VennDiagram package (Oliveros 2007).

Results

In the present study, 225 yeast isolates were found on the surface
of leaves (63.5%), fruits (14.2%), and flowers (22.2%) of cacao
tree genotypes (20) selected as carriers of genes of resistance to
the witches’ broom (WB) and frosty pod rot (FPR) diseases. The
higher number of isolates from leaf blades was due to the greater
availability of this plant tissue. Yeasts were found in 100% of the
samples. The total density of yeasts varied from 3.2 ×
104 CFU g−1 to less than 50 CFU on fruits, from 2.8 ×

104 CFU g−1 to less than 50 CFU on flowers, and from 2.0 ×
104 CFU g−1 to less than 50 CFU on leaves.

A heatmap analysis was done based on the antifungal ac-
tion of the 172 yeast isolates native to cacao plants (y axis) on
four distinct strains of the pathogenM. perniciosa (Mp) in five
evaluation days (6–9 days after pairing) (x axis) and allowed
the separation of two groups (clades) (Fig. 1). The yeast iso-
lates inhibited more than 50% mycelial growth of the four
pathogens strains evaluated, except for the yeast isolates
LEV 136, LEV 019, and LEV 110. These three isolates were
part of the yeast clade that presented less inhibition of the
pathogen growth (Fig. 1). The yeast isolates LEV 079, 139,
002, 047, 023, 034, 210, 194, 211, 030, 028, 097, 227, 204,
206, 189, 007, 021, and 162 and LEV 212 differed from the
other isolates causing the highest percentages of mycelial
growth inhibition of the four strains of the pathogen.

The inhibition pattern of each yeast was not uniform in the
four strains of M. perniciosa and also between evaluation days
(Fig. 1). The rate of mycelial growth of the pathogens was var-
iable when it was grown in the presence of diffusible and volatile
compounds. The fungistatic potential of yeast was similar for the
pathogens Mp 4010 and Mp 4031, whereas the highest percent-
ages of inhibition were found for the Mp 4009 (Fig. 1).

There was a trend of increasing the percentage of inhibition
with time for most of the yeasts evaluated; however, some of
them showed constant inhibition throughout the evaluation peri-
od for the four strains of the pathogen: LEV 039, 168, 169, 006,
164, 018, 166, 182, 067, 036, 010, 084, 023, 047, 002, 139, 179,
085, 212, and 013 and LEV 202 for Mp 4009; LEV 010, 067,
212, 021, 162, 097, 078, and 194 and LEV 210 for Mp 4010;
LEV 001, 018, 006, 212, 084, 002, 139, 162, 021, 097, 078, and
194 and LEV 210 for Mp 4031; LEV 006, 018, 182, 036, 039,
010, 047, and 162 and LEV 021 for the pathogen Mp 4145.
Inhibition oscillation was also found in the evaluation days for
the yeast isolates LEV 067, 202, 064, 069, 096, 074, 062, 110,
and 210 and LEV 211. The yeasts LEV 039, 074, 212, and 096
and LEV 069 showed a trend of decreasing in percentages of
inhibition for someM. perniciosa strains (Fig. 1).

The inhibitor potential of mycelial growth by volatile com-
pounds of most yeasts fluctuated, but some remained constant
during the evaluation days for some of the four pathogens of the
M. perniciosa tested (Fig. 2): LEV 165, 002, 118, 084, 140, 111,
169, 082, 209, 059, and 226 and LEV 088 for the pathogen Mp
4009; LEV 002, 101, 140, 161, 178, 109, 090, 077, 185, and 189
and LEV 225 for the pathogen Mp 4010; LEV 162, 118, 166,
149, 143, 111, 178, 109, 100, and 211 and LEV 080 for the
pathogen Mp 4031. Only LEV 162 for the pathogen Mp 4145.

For the evaluation of volatile compounds, two yeast groups
(clades) were separated by Euclidean distance and visualized
in heatmap (Fig. 2). Twentty-two yeast isolates (33.33%)
composed the clade 1 that had the lowest percentages of
growth inhibition. However, in this clade yeast isolates,
LEV 170, LEV 169, and LEV 082 showed inhibition levels
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like those of clade 2 for three of the pathogen isolates (Mp
4009, Mp 4010, and Mp 4031). Among the individuals that
grouped in clade 2 presents the highest percentages of growth
inhibition by volatile compounds, four yeast isolates (LEV
225, 206, and 166 and LEV 092) stand apart in a subgroup
(2nd level clade) since they inhibited above 50% the growth of
the pathogen isolates Mp 4009 and Mp 4010. Yeasts LEV
074, 210, 089, and 189 and LEV 211 belonging to the second
subgroup maintained the same inhibition pattern for the four
M. perniciosa strains (Fig. 2). Seven isolates (LEV 002, 084,

162, 189, 206, 210, and 211) in clade 2 inhibited the mycelial
growth of M. perniciosa by volatile compounds (Fig. 2) and
also the sum of diffusible and volatile compounds (Fig. 1).

All the filtrates obtained from the cultures of 66 yeast iso-
lates in YEPD medium at 1 : 1 dilution (filtrate : basidospore
suspension) inhibited basidiospore germination after six hours
of incubation when compared to the control (Fig. 3). From the
three groups statistically distinct (p < 0.001) according to the
Scott–Knott test, 19 isolates stood out (LEV 049, 063, 065,
093, 101, 105, 111, 147, 149, 166, 168, 169, 185, 204, 207,

Fig. 1 Heatmap of the in vitro
effect of diffuse and volatile
compounds produced by native
cacao yeasts on the mycelial
growth of four Moniliophthora
perniciosa isolates from the sixth
to the tenth day after pairing of the
microorganism
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210, 211, and 219 and LEV 225) by inhibiting basidio-
spore germination from 57.5 (LEV 093) to 87.5% (LEV
169) (Fig. 3).

Only 13 yeast isolates (LEV 049, 077, 78, 88, 090, 092,
101, 106, 109, 118, 143, and 161 and LEV 229) (19.69%) did
not produce killer toxins (Fig. 3). Only LEV 049 and LEV 101
were from the group with the highest inhibitions for other
parameters evaluated in this study.

In the PCA, significant differences were found for yeast
isolates, antibiosis, volatile compounds, germination inhibi-
tion, and killer activity. In the biplot distribution (Fig. 4), yeast
isolates were scattered on a three-dimensional graph of the
first three main components (synthetic variables), which to-
gether account for 78.09% of the total variance analysis.

The principal component 1 (PC1) represented 31.73% of
the total variance; the variable antibiosis (AN) represented the

Fig. 2 Heatmap of the in vitro
effect of volatile compounds
produced by native cacao yeasts
on the mycelial growth of four
Moniliophthora perniciosa
isolates from the sixth to the tenth
day after pairing of the
microorganism

115Trop. plant pathol. (2021) 46:109–128



largest variance of this component due to its highest coefficient
(auto vector: 0.62). The variables killer activity (KA), volatile
compounds (VC), and germination inhibition (GI) presented co-
efficients of 0.60, 0.48, and 0.06, respectively. GI showed the
highest weight (0.85) in the variance of the principal component
2 (PC2), and VCwas the major contributor to the variance of the
principal component 3 (PC3). PC2 and PC3 accounted for
26.14% and 20.22% of the total variance data, respectively.

The smaller the angle between vectors of the variables, the
greater the correlation. AN did not present high correlation as
other variables, but it correlated positively with VC and KA,
rather than with GI. The negative correlation between VC and
GI is shown by their opposite vectorization. The eigenvector
coefficients explain the correlation between real variables and
synthetic variables; however, VC present significant negative
correlation for PC2 and AB and KA for PC3. The relationship

Fig. 3 Inhibition of basidiospore germination and capability to produce
killer toxins by different isolates of native cacao yeasts. *Non-killer toxin-
producing yeasts. The means of inhibition percentages were transformed

Sqrt (x + 0.5) and analyzed by Scott–Knott test (p < 0.01). Three groups,
statistically distinct, were formed and identified as represented by specific
markings on the bars

Fig. 4 Principal component
analysis (PCA) of the relationship
between biocontrol mechanisms
(real variables), produced by
yeast cacao tree isolates when
evaluated againstMoniliophthora
perniciosa. Points are plotted in a
color gradient to show data cluster
trends by diffusible and volatile
compounds, antibiosis assays
(AB: light blue), volatile
compounds (VC: dark blue),
germination inhibition (GI:
maroon), and killer activity (KA:
yellow). The k-means function
(stats package R version 3.6.2)
was applied in the PCA, for
partial yeast clusters (red point
and black point). The biplot with
k-means clusters was obtained by
plotting three main components
(vectors): PC1, PC2, and PC3
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between variables (vectors) and treatment distributions
(dispersion) is explained by the principal component analysis
(PCA) represented in the biplot (Fig. 4).

The yeast isolates that presented the highest means for each
variable are shown in Fig. 4 near the apex of the vector, as
LEV 169 and LEV 219 for GI. When the isolates showed low
means for each variable, they are opposite to the vector of the
analyzed variable represented by red spots in Fig. 4.

LEV 210 was in a central position in comparison to the
vectors of the four variables evaluated; it was the yeast isolate
that stood out with the first, second, and fourth highest means
for AB, VC, and GI, and presented the qualitative character-
istic KA. The LEV 211 is also located in a central region,
close to isolate 210, because it is in the groups of isolates that
most inhibited the growth of the pathogen (all variables ana-
lyzed). LEV 206 and LEV 189 are between vectors VC and
AB, just as LEV166 and LEV 225 are between vectors VC
and GI. These isolates belong to the groups that had the
highest averages for these respective variables. Although
LEV 169 had the highest mean for GI, it was close only to
the vector CP2 the component most influenced by this vari-
able. LEV 169 did not provide high mycelial growth inhibi-
tion by diffusible and volatile compounds (Fig. 4).

As LEV 207 (Hannaella sp.) was the most prevalent isolate
of the genus, it was selected to evaluate the direct interaction
between yeast and pathogen and to infer nutrient competition
through the determination of reducing sugars. When cultured
in liquid medium, LEV 207 inhibitedM. perniciosa growth in
all the seven treatments, regardless of the number of reinocu-
lation and time of application. The pathogen dry weight of the
biomass (DB) was measured after 240 h of cultivation and it
was similar for all evaluated treatments. When M. perniciosa
was cultivated alone (T2), the DB generated differed signifi-
cantly from all other treatments (T3 to T9) in co-cultivation
with LEV 207 (107 CFUmL−1), thus, was possible to infer the
yeast inhibition potential. The minimum inhibition provided
was of 95.3% and no significant differences (p < 0.05) were
observed in Mp DB among the treatments were LEV 207 was
added (T3, T4, T5, T6, and T7) denoting that this yeast isolate
does not require reinoculation to increase its ability to inhibit
in vitro the pathogen growth. The highest concentration of
reducing sugars was found in T8 ((T8 =Hannaella sp. +
M. perniciosa (simultaneous) + 1 yeast reinoculation (after
192 h)), differing statistically from all other treatments. T1
and T9 showed no statistical difference between themselves
but differed from all other treatments. T2, T3, T4, T5, T6, and
T7 did not differ statistically.

Considering the genomicDNA sequencing of 80 of the yeasts
isolated from the selected cacao trees, 25% of them were of the
phylum Ascomycota, 67.5% Basidiomycota, and 7.5% (six iso-
lates) were undetermined (Table 1). Twenty taxa of 11 genera
were found: Candida (6), Cryptococcus (2), Hannaella (4),
Hanseniaspora (1), Kwoniella (1), Occultifur (1), Pichia (1),

Rhodotorula (1), Sporobolomyces (1), Wicherhamomyces (1),
and Yamadazyma (1) (Fig. 1). Most isolates showed > 99% cor-
respondence to the GenBank sequences.

The order Saccharomycetales of the phylum Ascomycota
predominated, with the famil ies Pichiaceae and
Saccharomycetaceae/Wickerhamomycetaceae. Fungi of the
phylum Basidiomycota were identified as belonging to the
sub-phyla Agaromycotina and Pucciniomycotina; classes
T r eme l l amy c e t e s , Cy s t o b a s i d i omy c e t e s , a n d
Microbotryomycetes; orders Tremellales, Cystobasidiales,
and Sporidiobolales; and families Tremellaceae and
Cystobasidiaceae, apart from isolates whose precise family
could not be established in the classification (Incertae sedis).

The yeast isolates with highest frequency were from the
order Tremellales, especially of the genus Hannaella (23 iso-
lates) and the taxon Rhodotorula paludigena, with 13 isolates
among the sequenced ones (Table 1).

In general, all yeast isolates showed positive results in the
in vitro assays for each one of the variables evaluated: myce-
lial growth inhibition by diffusible compounds, by volatile
compounds, production of killer toxins, and inhibition of
basisdiospores germination. Some were the best ones for the
four tests: Candida orthopsilosis—LEV 225; Hanseniaspora
uvarum—LEV 162, 210, and 211; and Rhodotorula
paludigena—LEV 166, 168. Some only inhibited basidio-
spore germination like LEV 169 (R. paludigena), LEV 219
(C. orthopsilosis), and LEV 111 (Cryptococcus heimayensis)
and have average behavior in comparison to the other vari-
ables. Other yeast isolates as LEV 002 (C. intermedia) and
LEV 084, 118 (C. nonsorborphila) performed well in the
other three variables but were among those with lower per-
centage of inhibition of basidiospore germination (Figs. 1, 2,
and 3). Some isolates of the species Cryptococcus
heimayensis (LEV 206), Occultifur externus (LEV 065),
Hannaella oryzae (LEV 093), H. surugaensis (LEV 187),
H. coprosmae (LEV 164), H. luteola (LEV 063), Kwoniella
mangrovensis (LEV 227), Pichia sporocuriosa (LEV 204),
and Wicherhamomyces lynferdii (LEV 047) also presented at
least two characters among the ones analyzes, which make
them promising biological control agents (Figs. 1, 2, 3, and 4).

Most of the sequenced isolates were obtained from cacao
leaves (44%), followed by flowers (27%) and fruits (9%)
(Table 2, 3). The richness of yeasts was analyzed on the surface
of cacao leaves and 15 taxa (75%) and 9 genera (81.82%) were
identified in 44 isolates obtained from the plant substrate. Of the
27 isolates obtained from flowers, 7 taxa (35%) and 7 genera
(63.64%) were identified. Nine isolates (11.25%) were obtained
from the surface of fruits, and 5 taxa (25%) were identified from
4 different genera (36.36%) (Table 3).

The highest number of different isolates was found in the
cacao tree genotypes P232 and P243 (both WB resistant) and
EET 233 (FPR resistant), whose richness was 26.32% at spe-
cies level and 45.45% at genus level. The genotypes P225,
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Table 1 Identification of the yeast isolates by class, registration number
(ISOL), amplicon length (in base pairs (bp)), coverage percentage (COV),
identity percentage (ID), taxonomy, and access number verified through

the GenBank database, usingNCBIBLAST (basic local alignment search
tool—http://www.ncbi.nlm.nih.gov)

Class ISOL Base pairs COV ID Taxonomy Access number

D1/D2 ITS1/ITS4

Ascomycetes LEV 002 519 99% 99% Candida intermedia KP761089.1 KP238321.1

LEV 008 355 99% 99% Yamadazyma triangularis KF273851.1 –

LEV 030 563 99% 100% Candida orthopsilosis KJ451719.1 –

LEV 047 585 95% 99% Wicherhamomyces lynferdii EF550342.1 –

LEV 049 563 99% 100% Candida orthopsilosis KJ451719.1 –

LEV 068 563 99% 100% Candida orthopsilosis –

LEV 074 563 99% 100% Candida orthopsilosis –

LEV 082 445 99% 100% Candida sorbosivorans FR870030.1 FR870036.1

LEV 084 538 100% 96% Candida nonsoborphila AB334209.1 –

LEV 089 194 96% 99% Candida parapsilosis –

LEV 098 495 99% 99% Candida saopaulonensis KC510044.1 KX781276.1

LEV 118 538 100% 96% Candida nonsoborphila AB334209.1 –

LEV 162 590 97% 99% Hanseniaspora uvarum GU080043.1 KX078421.1

LEV 189 577 96% 99% Pichia sporocuriosa HM191675.1 NR153293.1

LEV 194 590 97% 99% Hanseniaspora uvarum GU080043.1 KX078421.1

LEV 204 577 96% 99% Pichia sporocuriosa HM191675.1 NR153293.1

LEV 210 590 97% 99% Hanseniaspora uvarum GU080043.1 KX078421.
LEV 211 590 97% 99% Hanseniaspora uvarum

LEV 219 563 99% 100% Candida orthopsilosis KJ451719.1 –

LEV 225 563 99% 100% Candida orthopsilosis –

Basidiomycetes LEV 001 445 97% 99% Sporobolomyces roseus JN938917.1 –

LEV 007 588 96% 99% Rhodotorula paludigena NG042383.1 –

LEV 014 614 95% 100% Hannaella sp. LC077696.1 –

LEV 016 609 97% 99% Cryptococcus heimaeyensis KC160618.1 –

LEV 023 588 96% 99% Rhodotorula paludigena NG042383.1 –

LEV 027 614 95% 100% Hannaella sp. LC077696.1 –

LEV 029 614 95% 100% Hannaella sp. –

LEV 034 588 96% 99% Rhodotorula paludigena NG042383.1 –

LEV 038 614 95% 100% Hannaella sp. LC077696.1 –

LEV 063 615 99% 99% Hannaella luteola JC754052.C –

LEV 065 597 98% 98% Occultifur externus KM246019.1 –

LEV 077 614 95% 100% Hannaella sp. LC077696.1 –

LEV 078 597 98% 98% Occultifur externus KM246019.1 –

LEV 079 588 96% 99% Rhodotorula paludigena NG042383.1 –

LEV 080 614 95% 100% Hannaella sp. LC077696.1 –

LEV 088 614 95% 100% Hannaella sp. –

LEV 090 614 99% 99% Cryptococcus sp. AF444705.1 –

LEV 092 588 96% 99 Rhodotorula paludigena NG042383.1 –

LEV 093 615 95% 99% Hannaella oryzae KF830205.1 AF444413.1

LEV 100 603 96% 99% Cryptococcus sp. AF444705.1 –

Basidiomycetes LEV 101 588 96% 99% Rhodotorula paludigena NG042383.1 –

LEV 105 614 95% 100% Hannaella sp. LC077696.1 –

LEV 106 593 95% 100% Cryptococcus taibaiensis JQ968529.1 –

LEV 109 614 95% 100% Hannaella sp. LC077696.1 –

LEV 111 609 97% 99% Cryptococcus heimaeyensis KC160618.1 –

LEV 115 614 95% 100% Hannaella sp. LC077696.1 –
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P238, and P245 (all WB resistant) presented the lowest rich-
ness with only 5.26% species and 9.09% genera among the
sequenced isolates (Table 3).

The taxa distribution per frequency class showed predom-
inance of sporadic and slightly frequent taxa in the three plant
tissues and all cacao genotypes evaluated. Among the 15 yeast
species found on the leaves, 14 showed sporadic frequency
and only the species Rhodotorula paludigena (15 isolates)
was classified as frequent (Table 4). According to the genus
distribution on the leaves per frequency class, 55.56% of the
genera were sporadic (Candida, Cryptococcus, Hannaella,

Sporobolomyces, Wicherhamomyces, and Yamadazyma), but
33.34% of the genera were characterized as slightly frequent
(Hannaella,Cryptococcus, and Candida), and only one genus
was classified as frequent (Rhodotorula). Most of the yeast
species found on cacao leaves showed sporadic distribution
(85.71%), except for Hanseniaspora uvarum, classified as
slightly frequent (14.29%). At genus level, four were classi-
fied as sporadic (Candida, Occultifur, Pichia, and
Rhodotorula), two as slightly frequent (Hannaella,
Hanseniaspora), and one as frequent (Cryptococcus). All spe-
cies found on fruits were classified as slightly frequent, but

Table 1 (continued)

Class ISOL Base pairs COV ID Taxonomy Access number

D1/D2 ITS1/ITS4

LEV 122 591 95% 100% Cryptococcus taibaiensis JK968529.1 –

LEV 140 614 95% 100% Hannaella sp. LC077696.1 –

LEV 143 614 95% 100% Hannaella sp. –

LEV 147 614 95% 100% Hannaella sp. –

LEV 148 597 98% 98% Occultifur externus KM246019.1 –

LEV 149 603 96% 99% Cryptococcus sp. AF444705.1 –

LEV 154 607 97% 99% Hannaella oryzae KF830205.1 AF444413.1

LEV 161 524 100% 99% Rhodotorula paludigena LC053958.1 –

LEV 164 619 98% 99% Hannaella coprosmae FJ828964.2 KY103507.1

LEV 165 588 96% 99% Rhodotorula paludigena NG042383.1 –

LEV 166 588 96% 99% Rhodotorula paludigena –

LEV 168 588 96% 99% Rhodotorula paludigena –

LEV 169 588 96% 99% Rhodotorula paludigena –

LEV 170 390 94% 99% Rhodotorula paludigena FJ463627.1 –

LEV 174 588 96% 99% Rhodotorula paludigena NG042383.1 –

LEV 178 588 96% 99% Rhodotorula paludigena –

LEV 179 588 96% 99% Rhodotorula paludigena –

LEV 185 390 94% 99% Rhodotorula paludigena FJ463627.1 –

LEV 187 598 98% 99% Hannaella surugaensis KF830205.1 AB100440.1

LEV 190 607 97% 99% Hannaella oryzae KF830205.1 AF444413.1

LEV 192 390 94% 99% Rhodotorula paludigena FJ463627.1 –

LEV 193 614 95% 100% Hannaella sp. LC077696.1 –

LEV 199 607 97% 99% Hannaella oryzae KF830205.1 AF444413.1

LEV 206 613 96% 99% Cryptococcus heimaeyensis KC160618.1 –

LEV 207 614 95% 100% Hannaella sp. LC077696.1 –

LEV 216 609 97% 99% Cryptococcus heimaeyensis KC160618.1 –

LEV 226 615 95% 100% Hannaella luteola KC798402.1 –

LEV 227 437 100% 99% Kwoniella mangrovensis NG042391.1 KY103934.1

Undefined LEV 059 . . . . . .

LEV 097 . . . . . .

LEV 137 . . . . . .

LEV 146 . . . . . .

LEV 209 . . . . . .

LEV 229 . . . . . .
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Table 2 Origin of yeast strains by tissues (leaf, flower, and fruit) of cacao tree genotypes resistant to witches’ broom or frost pod rot

Class1 Species Isolates Genotypes Patterns Resistance2 Tissue

A Candida intermedia LEV 002 P243 SCA 6 X RB 36 WB Leaf

A Yamadazyma triangularis LEV 008 P243 SCA 6 X RB 36 WB Leaf

A Candida orthopsilosis LEV 030 P253 SCA 6 X SGU 26 WB Leaf

A Wicherhamomyces lynferdii LEV 047 P232 CAB 214 X LIVRE WB Leaf

A Candida orthopsilosis LEV 049 P245 NA 33 X RB 39 WB Leaf

A Candida orthopsilosis LEV 068 P300 SCA 6 X P4 B WB Leaf

A Candida orthopsilosis LEV 074 P300 SCA 6 X P4 B WB Leaf

A Candida sorbosivorans LEV 082 P285 P4 B X OC 67 WB Leaf

A Candida nonsoborphila LEV 084 P278 CHUAO 120 X CEPEC 90 WB Leaf

A Candida parapsilosis LEV 089 P278 CHUAO 120 X CEPEC 90 WB Leaf

A Candida saopaulonensis LEV 098 P213 CAB 270 X LIVRE WB Flower

A Candida nonsoborphila LEV 118 P247 CA 5 X RB 36 WB Fruit

A Hanseniaspora uvarum LEV 162 P232 CAB 214 X LIVRE WB Leaf

A Pichia sporocuriosa LEV 189 EET 75 EET 75 FPR Flower

A Hanseniaspora uvarum LEV 194 ICS 95 ICS 95 FPR Flower

A Pichia sporocuriosa LEV 204 P278 CHUAO 120 X CEPEC 90 WB Flower

A Hanseniaspora uvarum LEV 210 P282 NA 33 X CSUL 7 WB Flower

A Hanseniaspora uvarum LEV 211 P282 NA 33 X CSUL 7 WB Flower

A Candida orthopsilosis LEV 219 EET 392 SCA 6 X SILECIA 1 WB Fruit

A Candida orthopsilosis LEV 225 EET 233 EET 233 FPR Fruit

B Sporobolomyces roseus LEV 001 P243 SCA 6 X RB 36 WB Leaf

B Rhodotorula paludigena LEV 007 P243 SCA 6 X RB 36 WB Leaf

B Hannaella sp. LEV 014 P243 SCA 6 X RB 36 WB Leaf

B Cryptococcus heimaeyensis LEV 016 P213 CAB 270 X LIVRE WB Leaf

B Rhodotorula paludigena LEV 023 P253 SCA 6 X SGU 26 WB Leaf

B Hannaella sp. LEV 027 P225 CAB 208 X LIVRE WB Leaf

B Hannaella sp. LEV 029 P253 SCA 6 X SGU 26 WB Leaf

B Rhodotorula paludigena LEV 034 P253 SCA 6 X SGU 26 WB Leaf

B Hannaella sp. LEV 038 P238 SCA 6 X CEPEC 86 WB Leaf

B Hannaella luteola LEV 063 P282 NA 33 X CSUL 7 WB Leaf

B Occultifur externus LEV 065 P284 SCA 6 X MA 16 WB Leaf

B Hannaella sp. LEV 077 P309 CEPEC 86 X RB 39 WB Leaf

B Occultifur externus LEV 078 P285 P4 B X OC 67 WB Leaf

B Rhodotorula paludigena LEV 079 P258 SCA 6 X CSUL 3 WB Leaf

B Hannaella sp. LEV 080 P285 P4 B X OC 67 WB Leaf

B Hannaella sp. LEV 088 P284 SCA 6 X MA 16 WB Leaf

B Cryptococcus sp. LEV 090 P284 SCA 6 X MA 16 WB Leaf

B Rhodotorula paludigena LEV 092 P253 SCA 6 X SGU 26 WB Leaf

B Hannaella oryzae LEV 093 P309 CEPEC 86 X RB 39 WB Flower

B Cryptococcus sp. LEV 100 P213 CAB 270 X LIVRE WB Flower

Class1 Species Isolates Genotypes Parents Resistance2 Tissue

B Rhodotorula paludigena LEV 101 P213 CAB 270 X LIVRE WB Flower

B Hannaella sp. LEV 105 P232 CAB 214 X LIVRE WB Flower

B Cryptococcus taibaiensis LEV 106 P232 CAB 214 X LIVRE WB Flower

B Hannaella sp. LEV 109 P232 CAB 214 X LIVRE WB Flower

B Cryptococcus heimaeyensis LEV 111 P253 SCA 6 X SGU 26 WB Leaf

B Hannaella sp. LEV 115 P258 SCA 6 X CSUL 3 WB Fruit

B Cryptococcus taibaiensis LEV 122 P282 NA 33 X CSUL 7 WB Leaf
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three genera were classif ied as slightly frequent
(Cryptococcus, Hannaella, Kwoniella) and one genus as fre-
quent (Candida). When the frequency was analyzed by group
of resistant cacao tree genotypes, sporadic taxa and species
predominated for FPR- andWB-resistant genotypes (Table 5).

The Venn diagram (Fig. 5) made it possible to visualize the
intersection of the set of genera present in the different sub-
strates.When evaluated only genotypes with resistance toWB
(Fig. 5a and Table 2), three genera were common to all plant
tissues (Candida, Hannaella, and Cryptococcus), besides the
group of unidentified yeast isolates. However, three genera
were identified only on leaf and flower surfaces
(Hanseniaspora, Occultifur, and Rhodotorula), three only on
leaf surfaces (Yamadazyma, Wicherhamomyces, and

Sporobolomyces), and only Pichia on flower surface. For ge-
notypes with resistance to FPR (Fig. 5b and Table 2), the
genus Hannaella was identified in all plant tissues,
one on fruit and flower surfaces (group of unidentified
isolates), one on flower and leaf surfaces (Rhodotorula),
two on fruit surface (Candida and Kwoniella), and three
on flower surface (Pichia , Hanseniaspora , and
Cryptococcus). Seven genera (Hannaella, Rhodotorula,
Candida, Pichia, Hanseniaspora, Cryptococcus, and un-
identified isolates) were common to the substrates of
cacao trees with resistance to WB or FPR, four genera
were identified only on genotypes with WB resistant
(Yamadazyma, Occultifur, Wicherhamomyces, and
Sporobolomyces), and one (Kwoniella) only for those

Table 2 (continued)

Class1 Species Isolates Genotypes Patterns Resistance2 Tissue

B Hannaella sp. LEV 140 P247 CA 5 X RB 36 WB Flower

B Hannaella sp. LEV 143 P247 CA 5 X RB 36 WB Flower

B Hannaella sp. LEV 147 P247 CA 5 X RB 36 WB Flower

B Occultifur externus LEV 148 P300 SCA 6 X P4 B WB Flower

B Cryptococcus sp. LEV 149 P247 CA 5 X RB 36 WB Flower

B Hannaella oryzae LEV 154 EET 392 SCA 6 X SILECIA 1 WB Leaf

B Rhodotorula paludigena LEV 161 P232 CAB 214 X LIVRE WB Leaf

B Hannaella coprosmae LEV 164 EET233 EET233 FPR Leaf

B Rhodotorula paludigena LEV 165 EET 233 EET 233 FPR Leaf

B Rhodotorula paludigena LEV 166 EET 233 EET 233 FPR Leaf

B Rhodotorula paludigena LEV 168 EET233 EET233 FPR Leaf

B Rhodotorula paludigena LEV 169 EET233 EET233 FPR Leaf

B Rhodotorula paludigena LEV 170 EET233 EET233 FPR Leaf

B Rhodotorula paludigena LEV 174 EET 392 SCA 6 X SILECIA 1 WB Leaf

B Rhodotorula paludigena LEV 178 P258 SCA 6 X CSUL 3 WB Leaf

B Rhodotorula paludigena LEV 179 P258 SCA 6 X CSUL 3 WB Leaf

B Rhodotorula paludigena LEV 185 ICS 95 ICS 95 FPR Leaf

B Hannaella surugaensis LEV 187 EET 75 EET 75 FPR Flower

B Hannaella oryzae LEV 190 EET 75 EET 75 FPR Flower

B Rhodotorula paludigena LEV 192 ICS 95 ICS 95 FPR Flower

B Hannaella sp. LEV 193 ICS 95 ICS 95 FPR Flower

B Hannaella oryzae LEV 199 EET 75 EET 75 FPR Flower

B Cryptococcus heimaeyensis LEV 206 UF 273 UF 273 FPR Flower

B Hannaella sp. LEV 207 UF 273 UF 273 FPR Flower

B Cryptococcus heimaeyensis LEV 216 EET 392 SCA 6 X SILECIA 1 WB Fruit

B Hannaella luteola LEV 226 EET 233 EET 233 FPR Fruit

B Kwoniella mangrovensis LEV 227 EET 233 EET 233 FPR Fruit

. . LEV 059 P232 CAB 214 X LIVRE WB Flower

. . LEV 097 P309 CEPEC 86 X RB 39 WB Flower

. . LEV 137 P247 CA 5 X RB 36 WB Leaf

. . LEV 146 P247 CA 5 X RB 37 WB Fruit

. . LEV 209 UF 273 UF 273 FPR Flower

. . LEV 229 EET 233 EET 233 FPR Fruit

1 Class: A Ascomycota and B Basidiomycota; 2 resistance: R to witches’ broom (WB) or frosty pod rot (FPR)
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resistant to FPR (Fig. 5c and Table 2). Fifty-four per-
cent of similarity of yeast species was found on cacao leaves
and flowers; 35% on leaves and fruits, 27% on flowers and
fruits, and 9% species were found on the three plant tissues.
The yeast species found in cacao tree genotypes WB resistant
were 50% similar to the species found in those resistant to
FPR (Fig. 5 and Table 2).

Discussion

Biological control is one of the most effective components of
the integrated management program for WB control in Brazil.
However, a single biological control product is registered for
this crop in the country, Tricovab® formulated from
Trichoderma stromaticum (BRASIL 2020). The effectiveness

Table 3 Richness of yeasts
obtained from the surface of plant
tissues (leaf, flower, and fruit) of
different genotypes of cacao
(Theobroma cacao L.) selected
with resistance to witches’ broom
(WB) or frosty pod rot (FPR)

N. ISOL.1 % N. GEN.2 % N. SPEC.3 %

Plant tissue Leaf 44 55.00 9 81.82 15 75.00

Flower 27 33.75 7 63.64 7 35.00

Fruit 9 11.25 4 36.36 5 25.00

Genotype P213 4 5.00 3 27.27 3 15.79

P225 1 1.25 1 9.09 1 5.26

P232 7 8.75 5 45.45 5 26.32

P238 1 1.25 1 9.09 1 5.26

P243 5 6.25 5 45.45 5 26.32

P245 1 1.25 1 9.09 1 5.26

P247 7 8.75 3 27.27 3 15.79

P253 6 7.50 4 36.36 4 21.05

P258 4 5.00 2 18.18 2 10.53

P278 3 3.75 3 27.27 3 15.79

P282 4 5.00 3 27.27 3 15.79

P284 3 3.75 3 27.27 3 15.79

P285 3 3.75 3 27.27 3 15.79

P300 3 3.75 2 18.18 2 10.53

P309 3 3.75 2 18.18 2 10.53

EET 392 4 5.00 3 27.27 3 15.79

EET 233 10 12.50 4 36.36 5 26.32

EET 75 4 5.00 2 18.18 2 10.53

ICS 95 4 5.00 3 27.27 3 15.79

UF 273 3 3.75 2 18.18 2 10.53

Standard of resistance WB 59 73.75 10 90.91 16 84.21

MN 21 26.25 7 63.64 8 42.11

1N. ISOL. number of isolates, 2N. GEN. number of different genera, 3N. SPEC. number of different species

Table 4 Frequency of distribution of the yeasts taxa, sporadic (F ≤ 10%), slightly frequent (10 < F ≤ 30%), frequent (30 < F ≤ 70%), and very frequent
(F > 70%) in plants of cacao genotypes (Theobroma cacao L.) with resistance to witches’ broom (WB) or frosty pod rot (FPR)

Frequence Leaf Flower Fruit

Species % Genera % Species % Genera % Species % Genera %

Sporadic 14 93.33 5 55.56 6 85.71 4 57.14 0 0.00 0 0.00

Slightly frequent 0 0.00 3 33.34 1 14.29 2 28.57 6 100.00 3 75.00

Frequent 1 6.67 1 11.10 0 0.00 1 14.29 0 0.00 1 25.00

Very frequent 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00

Richness/organs 15 100.00 9 100.00 7 100.00 7 100.00 6 100.00 4 100.00
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and action of Tricovab® are influenced by strong seasonality
and conditioned by meteorological factors and environmental
conditions of the crop area (Loguercio et al. 2009). It is known
that yeasts are capable of colonizing different habitats
(Sampaio et al. 2007), competing for space and nutrients.
They occur naturally in the microbiome and act as BCA to
pathogens of different crops (Bettiol 1997; Ferraz et al. 2019).
But there is almost no information about yeasts as biocontrol
agents in cacao tree crop. In this study, we isolated 225 yeasts
from tissues of leaf, flowers, and cacao pods and studied their
diversity and the capability of some to be BCAs for
M. perniciosa, the agent of cacao WB disease. We are using
the generic term yeasts, to represent both yeast-like fungi (de-
velops in the mycelial form) and species that develop exclu-
sively through the yeast phase.

Since improved genetic materials for WB resistance are of
primordial importance to control the disease this work strate-
gically collected and identified yeasts coexisting in 16 cacao
tree genotypes with known resistance (horizontal, quantita-
tive, and polygenic) to M. perniciosa (Pimenta Neto et al.
2018). Yeasts were also collected from four clones indicated
as resistant toM. roreri (Phillips-Mora et al. 2007) the agent of
frosty pod rot (FPR), an A1 quarantine pest (BRASIL 2018)
threatening the Brazilian cacao tree crop. Many genotypes are
selected for being resistant against plant diseases. Some of
these phenotypes may be favored by beneficial microorgan-
isms which interactions improve desirable phenotypic

characteristics (Smith et al. 1997; Ab Rahman et al. 2018).
In addition, plant surfaces which have natural ‘openings’ are
easier targets for M. perniciosa (Sena et al. 2014), and these
characteristics have been used by bioprospection.

In general, all yeast isolates obtained from the cacao tree
phytobiome proved to have one or more of the skills evaluated
in the in vitro tests performed to characterize them as antago-
nists toM. perniciosa (Figs. 1, 2, 3, and 4) (Zhang et al. 2007;
Bruce et al. 2003; Platania et al. 2012). They show different
levels of competition with the pathogen, ability to produce
diffusible and volatile compounds, release killer toxins (with
exception of 13 isolates; Fig. 3) and inhibit basidiospore
germination.

Our results indicate the yeast preference for different plant
tissues and genotypes groups (Tables 2 and 3, Fig. 5). Four
genera occurred only in the plant tissues of genotypes resistant
to WB, two genera only in genotypes resistant to FPR, and
seven genera were common to both genotypes (Fig. 5). The
yeasts preference for some genotypes may be influenced by
anatomic and morphophysiological characteristics of the plant
tissues or the availability of nutrients (Leveau and Lindow
2001). Yeasts preferentially colonize substrates which are rich
in carbohydrates (Sampaio et al. 2007), such as the
carposphere, spermosphere, and antosphere as well as the
phyllosphere (Sláviková et al. 2009). Of the total yeasts iden-
tified, the majority (58.11% Table 2) was isolated from leaves,
which represents an important and abundant cacao tree

Table 5 Frequency of
distribution of the yeast taxa,
sporadic (F ≤ 10%), slightly
frequent (10 < F ≤ 30%), frequent
(30 < F ≤ 70%), and very frequent
(F > 70%) by cacao genotypes
(Theobroma cacao L.) selected as
resistant to witches’ broom (WB)
or frosty pod rot (FPR)

Frequence Resistance FPR Resistance WB

Species % Genera % Species % Genera %

Sporadic 8 80.00 3 50.00 16 88.89 6 66.67

Slightly frequent 1 10.00 1 33.33 2 11.11 3 33.33

Frequent 1 10.00 1 16.67 0 0.00 0 0.00

Very frequent 0 0.00 0 0.00 0 0.00 0 0.00

Richness/organs 10 100.00 9 100.00 18 100.00 9 100

Fig. 5 Venn diagram of the number of taxa in common among the
different cacao plant tissues of witches’ broom (WB) (a), or frost pod
rot (FPR) (b) resistant and the ones only found in each kind of genotypes

and cocoa plant tissues (c). In the intersections of the diagram are
common taxa to the communities present in the different cacao plant
tissues
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biomass (Siswanto et al. 2009). Other 32.43% were isolated
from flowers and 9.46% from pods, result that supports the
characteristics of survival and adaptation from yeasts.

In general, there was a predominance of yeasts belonging
to the Basidiomycete class compared to Ascomycetes
(Table 1). Rhodotorula paludigena was the predominant spe-
cies corresponding to 34.1% of the isolates obtained from
cacao leaves. This species has already been found on the sur-
face of pod, leaves and in aquatic environments such as
swamps and ocean (Sampaio 2011); however, this is the first
report of its occurrence on leaves, flowers and pods of cacao
tree. This species acts as biocontrol microorganism for post-
harvest diseases, such as gray mold in tomatoes caused by
Botryts cinerea (Wang et al. 2010), green mold in Ponkan
mandarin, caused by Penicilium digitatum (Lu et al. 2014)
and in oranges (Lu et al. 2013). It is also associated with soil
suppressiveness and growth promotion (El-Tarabily and
Sivasithamparam 2006). R. paludigena was isolated from
the phytobiome of six of the genotypes resistant to WB and
two of those resistant to FPR (Table 2).

The taxa Rhodotorula paludigena, Cryptococcus
heimaeyensis, Hanseniaspora uvarum, and Candida
orthopsilosis presented the best results for one or more studied
variables: mycelial growth inhibition by diffusible com-
pounds (Fig. 1), by volatile compounds (Fig. 2), spore germi-
nation inhibition (Fig. 3), and Killer toxin production (Fig. 3).
Among these four species, R. paludigenum grows at 30 °C,
but not at 35 °C (Sampaio 2011); Cryptococcus heimaeyensis
does not grow at 30 °C (Fonseca 2011); H. uvarum grows at
30 °C; rare isolates grow at 34 °C and does not grow at 37 °C
(Cadez and Smith 2011); however, the species Candida
orthopsilosis grows at 37 °C and 42 °C (Lachance et al.
2011); thus, the latter have the potential to grow in human
body. The genus Candida brings together species widely used
to control plant diseases (Droby et al. 2003; Zhang et al.
2014); it also comprises species that participate in a complex
of human pathogens (Bertini et al. 2013). Although
C. orthopsilosis has been found in clinical samples on all
continents, it is also found in vegetables (Lachance et al.
2011), as in tomato fruits (Robl et al. 2014), sugar cane leaves
(Limtong et al. 2014), and in Piper sp. (Kanti et al. 2013).

Cryptococcus heimaeyensis showed the ability to colonize
all the cacao tree surfaces sampled: leaf, flower, and pod
(Table 2). The literature describes its isolation from several
environments, such as soil near volcano (Vishniac 2002),
flower nectar (Herzberg et al. 2002), alluvial forest soil in
Austria (Wuczkowski and Prillinger 2004), and leaves
(Vishniac 2002). New species of the genus Cryptococcus,
such asC. foliicola and C. taibaiensis (Wang et al. 2011) were
described to inhabit plant tissues.

This study is the first report of occurrence of the species
R. paludigenum, Occultifur externus, Sporolomyces roseus,
Cryptococcus tabaiensis, Candida heimaeyensis, Hannaella

luteola, H. pagnoccae, H. oryzae, and H. coprosmae on the
surface of leaves, flowers, and pod from cacao tree (TableS 1
and 2). Members of the phylum Basidiomycota, Tremellales
clade, are used as biocontrol of plant diseases, as among them
Cryptococcus albidus (Tian et al. 2002), C. laurentii (Tian
et al. 2007; Wang and Bai 2008), C. flavus, H. sinensis, and
R. palludigenum (Nutaratat et al. 2014). Hannaela was the
most frequent genus in cacao tree phytobiome with 23 iso-
lates, representing 42.6% of the identified isolates within the
Basidiomycetes. However, only seven of these isolates were
specifically identified belonging to four species (Table 1).
From this genus, LEV 63 (H. luteola), 93 (H. oryzae), and
Lev 10, 147, and 207 (Hannaela sp.) were among the yeast
isolates that most inhibitedM. perniciosa basidiospore germi-
nation and release killer toxins (Fig. 3). Lev 207 also
produced diffusible and volatile compounds that induced
high mycelial growth inhibition (Fig. 1). Among the
nonspecifically identified isolates of this genus it may
be possible to find new species for science.

Three of the Hanseniaspora uvarum isolates (LEV 210,
211, and 162) stood out for growth inhibition (Figs. 1 and 2)
and spore germination (Fig. 3) ofM. perniciosa, in addition to
being killer toxin producers (Fig. 3). Several yeasts secrete
killer toxins, which allows establishment in the environment,
inhibiting the growth of other organisms, through damage to
the plasma membrane (Santos and Marquina 2004; Santos
et al. 2009), cell wall damage by the inhibition of β-glucans
synthesis (Marquina et al. 2002; Peng et al. 2010), blocking
the cell cycle (Klassen et al. 2004) and the calcium uptake
(Gage et al. 2001), and triggering DNA damage and inducing
apoptosis (Klassen and Meinhardt 2005). Killer toxins could
be also conjugated with other biocidal biomolecules for the
formation of bionanohydro agroparticles (Baker et al. 2017).

Hanseniaspora uvarum is widely used in the grape’s fer-
mentation for wine production (Escalante et al. 2011; Moreira
et al. 2011) and enzyme production for industrial interest
(López et al. 2016). In addition, it is used to control post-
harvest diseases (Janisiewicz et al. 2010) through the produc-
tion of killer toxins (Schmiti and Neuhausen 1994) and vola-
tile compounds (Moreira et al. 2011). Although H. uvarum
has already been reported as part of the microbiota present
in the fermentation of cacao hybrid beans (Moreira et al.
2013), this is the first report of this species that inhabits the
surface of cacao leaves and flowers.

Some species of the Saccharomycetaceae family obtained
in this study were identified for the first time in the
phyllosphere, carposphere, and antosphere from cacao tree:
Yamadazyma triangularis (syn. Pichia triangularis),
Candida polymorpha, C. sorbosivorans, C. nonsorbophila,
C. saopaulonensis, C. parapsilosis, and C. orthopsilosis; as
well as Pichia sporocuriosa, which currently belong to the
Pichiaceae family. Some of these species were reported in
the literature as the biocontrol agent of plant diseases such as
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Candida saopaulonensis controlling stem rot and damping-
off in cowpea (Tenório et al . 2019), as wel l as
P. sporocuriosa (Péter et al. 2000) and Wickerhamomyces
anomalus (Hashem et al. 2014).

Also, these evaluated yeasts presented the main character-
istics for the selection of putative BCA - Biological Control
Agents (Ferraz et al. 2019), attributed to the mechanisms of
biocontrol such as the production of lytic enzymes (Urquhart
and Punja 2002) and killer toxins (Cabral et al. 2009; Perez
et al. 2016) and spore germination inhibition (Lutz et al.
2012). In addition to the possibility of inducing or producing
phytohormones (Sun et al. 2014), biofilm formation (Li et al.
2015) and being excellent competitors for nutrients and space,
which allow their stabilization in hostile environments, ex-
posed to variations in temperature and humidity (Barbieri
and Carvalho 2001; Lahlali et al. 2011; Zhao et al. 2011).

This paper comprises an unprecedented study showing for
the first time the great yeast diversity existing in the cacao tree
phytobiome with some new assignments of species for this
crop and Bahia State. The essential in vitro tests to screen
for putative BCAs allowed to find 21 yeast isolates belonging
to 17 taxa as promising BCA againstM. perniciosa, the agent
of cacao Witches’ broom disease. Six of them (Candida
orthopsilosis—LEV 225; Hanseniaspora uvarum—LEV
162, 210, and 211; and Rhodotorula paludigena—LEV 166,
168) performed among the best ones for all essential qualities
of a BCA agent now tested. Thus, it opens the path to cover
the lack of new BCA agents to control the most important
cacao tree disease in Brazil.
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