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ABSTRACT

The endophytic niches of plants are a rich source of microbes that can directly and indi-
rectly promote plant protection, growth and development. The diversity of culturable en-
dophytic fungi from stems and branches of Theobroma cacao (cacao) and Theobroma
grandiflorum (cupuagu) trees growing in the Amazon region of Brazil was assessed. The col-
lection of fungal endophytic isolates obtained was applied in field experiments to evaluate
their potential as biocontrol agents against Phytophthora palmivora, the causal agent of the
black-pod rot disease of cacao, one of the most important pathogens in cocoa-producing
regions worldwide. The isolated endophytic fungi from 60 traditional, farmer-planted,
healthy cacao and 10 cupuagu plants were cultured in PDA under conditions inducing spor-
ulation. Isolates were classified based upon the morphological characteristics of their cul-
tures and reproductive structures. Spore suspensions from a total of 103 isolates that could
be classified at least up to genus level were tested against P. palmivora in pods attached to
cacao trees in the field. Results indicated that ~70 % of isolates showed biocontrol effects
to a certain extent, suggesting that culturable endophytic fungal biodiversity in this system
is of a mostly mutualistic type of interaction with the host. Eight isolates from genera Tri-
choderma (reference isolate), Pestalotiopsis, Curvularia, Tolypocladium and Fusarium showed
the highest level of activity against the pathogen, and were further characterized. All dem-
onstrated their endophytic nature by colonizing axenic cacao plantlets, and confirmed
their biocontrol activity on attached pods trials by showing significant decrease in disease
severity in relation to the positive control. None, however, showed detectable growth-pro-
motion effects. Aspects related to endophytic biodiversity and host—pathogen—endophyte
interactions in the environment of this study were discussed on the context of developing
sustainable strategies for biological control of black-pod rot of cacao.
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Introduction

Microorganisms establish symbiotic, mutualistic and other
types of interactions with all animals and plants on Earth
(Zilber-Rosenberg & Rosenberg 2008). Despite the fact that
many fungi are plant pathogens, a large variety of fungi, in-
cluding pathogenic species, live as endophytes, asymptomat-
ically within intra- and intercellular spaces of leaves and
vascular tissues of roots and stems (Wilson 1995; Stone et al.
2004; Hyde & Soytong 2008). The endophytic niche is a rich
source of microorganisms that can directly and indirectly pro-
mote plant growth and development (Lodewyckx et al. 2002;
Barrow et al. 2008). It stands to reason that the higher the di-
versity of endophytes in a crop, the greater the likelihood of
finding microorganisms that have salutary effects on that
crop. In general, fungal endophytes are more diverse in tropi-
cal than in temperate plants (Arnold et al. 2000, 2003), likely
due to the fact that tropical ecosystems harbour a higher vari-
ety of fungi (Stone et al. 2004). Since all sorts of stress-related
biotic and abiotic factors are also more diverse in tropical eco-
systems, this idea brings forth the concept of higher organ-
isms being better adapted to environmental dynamics due to
its specifically associated microbiota (Tadych & White 2009;
Oldroyd et al. 2009).

Induction and/or synthesis of plant growth-promoting
compounds (auxins, cytokinins), N, fixing, synthesis of en-
zymes/peptides that provide nutrient availability (phospha-
tases, siderophores, etc.), and tolerance to various types of
stresses are among the direct mechanisms through which en-
dophytes promote plant growth (reviewed by Harman 2000;
Whipps 2001; Lodewyckx et al. 2002; Harman et al. 2004). On
the other hand, prevention of deleterious effects by plant
pathogens through biological control is considered an indirect
way of promoting growth and development (Lodewyckx et al.
2002). Endophytes have a widely recognized potential as bio-
control agents (BCAs), which can exert their activity through
several mechanisms (Backman & Sikora 2008; Mejia et al.
2008). For instance, endophytic fungi or bacteria can induce
systemic resistance in plants against pathogens after actively
penetrating and colonizing the host, promoting the synthesis
of biologically active compounds or causing changes in plant
morphology and/or physiology (Faeth 2002; Harman et al.
2004; Bailey et al. 2006; Melnick et al. 2008). Mycoparasitism,
antibiosis, and competition are other well described mecha-
nisms through which endophytic fungi can display biocontrol
activity (Arnold et al. 2003; Harman et al. 2004; Herre et al. 2007;
Bailey et al. 2008). The simultaneous occurrence of more than
one of these beneficial effects has been reported for a single
isolate or the same set of microbes (e.g. Raupach & Kloepper
1998; Harman et al. 2004; Vijayaragahavan & Raman 2009).

The Black-Pod Rot (BPR) is the most important disease of
the cacao crop (Theobroma cacao L.), as it occurs in all cocoa-
producing countries and worldwide losses to it can account
for 20—-25 % of the expected cocoa production (Bowers et al.
2001; Luz & Silva 2001; Evans 2007). This disease is caused by
several species of the straminipile (formerly oomycete) genus
Phytophthora, with damages reaching up to 90 % of pod pro-
duction, depending on climatic conditions (Bowers et al.
2001). Investment on its control demands a long-term plan,

because it is very difficult to remove this pathogen from
a given area, due to its ability to survive in soil and infected
plant parts (Evans & Prior 1987). Chemical, genetic and cul-
tural practices have been used to control this disease, but
none has provided a sufficiently and economically efficient,
and/or environmentally friendly method for desired results
(Holderness 1992; Luz & Silva 2001; Ndoumbe-Nkeng et al.
2004). From an Integrated Pest Management (IPM) perspective,
additional methods are certainly required and, in this context,
biological control of Phytophthora spp. in cacao is a promising
approach (Krauss & Soberanis 2002; Tondje et al. 2007;
Deberdt et al. 2008; Hanada et al. 2009).

Isolation of epi/endophytic microorganisms and screening
for biocontrol ability are a common strategy that relies on the
available microbial biodiversity (Evans et al. 2003; Ten Hoopen
et al. 2003; Rubini et al. 2005; Bailey et al. 2008), which is
expected to be higher in species-rich ecosystems such as rain-
forests (Strobel & Daisy 2003). In addition, when plants are cul-
tivated in areas that differ from their native habitats,
endophytic diversity tends to decrease (Taylor et al. 1999)
with a concomitant increase in susceptibility to diseases
(Evans et al. 2003). Hence, the search for BCAs under circum-
stances where microbes had co-evolved with their hosts is
likely to provide better results (e.g. Holmes et al. 2004; Mejia
et al. 2008). Considering that the Upper Amazon region of Bra-
zil, Bolivia, Peru and Ecuador is the centre of origin for T. cacao
(Motamayor et al. 2002), it is not unexpected that the evolution
of cacao—pathogens interactions in this region has led to co-
evolution of associated endophytes that promote benefits to
this crop. Since novel taxa of endophytic fungi are frequently
found in important well-characterised plant species (Stone
et al. 2004), as it is the case in cacao and some closely related
species (Evans et al. 2003; Holmes et al. 2004, 2005; Samuels
et al. 2006; Crozier et al. 2006; Hanada et al. 2008; Mejia et al.
2008), the objectives of this study were to sample and assess
culturable biodiversity of fungal endophytes in two related
Theobroma species (cacao and cupuacu), and search for endo-
phytes with biocontrol potential against Phytophthora palmi-
vora, the most important causal agent of the BPR disease of
cacao in neotropical cocoa-producing regions of Brazil.

Material and methods

Experiments were conducted on field areas and facilities at
both the Instituto Nacional de Pesquisas da Amazdnia (INPA,
Manaus-AM) and Almirante Cacau Ltd. (Itajuipe-BA), located
in the States of Amazonas and Bahia, respectively.

Theobroma spp. and isolation of fungal endophytes

Approximately 60 trees from traditional, farmer-planted (not
systematically bred) populations of Theobroma cacao L. (cacao)
and 10 of Theobroma grandiflorum (Willd. ex Spreng.) K. Schum
(cupuacu) from the Amazonas State of north Brazil (a few ca-
cao plants were from the Bahia State, northeastern Brazil)
were used for the isolation of fungal endophytes. The plants
were chosen on the basis of four criteria: healthy appearance,
overall good nutritional/physiological state, and free from any
type of chemical/biological product application. Targets for
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fungal isolation comprised internal tissues from branches and
twigs (1.5-2.5 cm diameter), and stem bark, which were col-
lected by using a flamed scalpel. From each plant, five ~25-
mm? fragments from those tissues collectively were cut out,
transferred to Petri dishes containing 20 mL potato-dextrose-
agar medium (PDA — decoction of 40 g potato, 20 g dextrose
and 20 g agar per liter of water) + 25 ng mL~* chloramphenicol,
and incubated at 25 °C in the dark. Newly appearing mycelium
was subcultured on a daily basis. These culturable endophytic
fungi were labelled and stored in silica gel as described
(Dhingra & Sinclair 1995). All these endophytic fungi obtained
from Theobroma spp. comprised an assembly of isolates depos-
ited in the microorganism collection of the Almirante Cacau
Ltd., located in the Bahia State.

Identification of fungal endophytes

The isolated endophytic fungi were cultured in PDA for up to 8
weeks at 25°C, under a 12 h/12 h dark/light cycles to induce
sporulation, with daylight-type fluorescent bulbs (40 W)
placed at 40 cm above the plates. Those isolates that sporu-
lated under these conditions were classified based upon the
morphological characteristics of their cultures and reproduc-
tive structures. Growth rate, mycelial texture, colony colour
and sectors formation, and production of pigments were
among the culture characteristics observed. Microscopic as-
pects of hyphae and spores were also observed, such as sizes
and shapes, as well as colour of conidiophores and conidia.
Semi-permanent slides with these structures were prepared
with lactophenol (25 % w/v) and cotton-blue (1-5 mL of 1 % so-
lution in 100 mL lactophenol + <20 mL glacial acetic acid)
stains and observed on a light microscope; 50 measurements
were randomly taken for each of the following structures: hy-
phae, conidia, conidiophores, conidiogenous cells and pyc-
nidia. All characteristics assessed were used in taxonomic
keys for identification purposes (Carmichael et al. 1980;
Sutton 1980; Kiffer & Morelet 1997; Barnett & Hunter 1998).

Screening for fungal isolates with biocontrol potential

The phytopathogen Phytophthora palmivora strain used in these
experiments (isolate ‘611’) was kindly provided by the Centro
de Pesquisas do Cacau (CEPEC/CEPLAC, Ilhéus-BA, Brazil). To
obtain zoospores, this isolate was grown in Petri plates con-
taining T3 medium (decoction broth from 20 g of carrots, 45 g
tomato extract, 3 g calcium carbonate and 15 g agar in 1 L dis-
tilled water), at 25°C, for 10 d in the dark and 3 d under contin-
uous light (20-W fluorescent light bulbs set 30 cm above the
plates). Afterwards, 10 mL of sterile distilled water was added
to each plate, which was placed at 5°C for 15min, and at
room temperature for 30 min. The release of zoospores was ob-
served through alight microscope, ata 10x magnification, with
their concentration being adjusted using a haemocytometer.
To provide inocula for the experiments, spore suspensions
were obtained from endophytic fungi cultured for 15 d in the
same conditions described above. Conidia were suspended in
sterile distilled water, with their concentration adjusted with
haemocytometer. The isolated fungal endophytes were evalu-
ated in two types of field experiments regarding their biocon-
trol activity against BPR. First, a general selection experiment

was performed, in which each isolate, at an adjusted concen-
tration of 5 x 10° spores mL~?, was inoculated in three cacao
pods from the ‘SIAL 70’ cultivar in the field. The pods were
~4m old, apparently healthy, free from visible injuries or
other defects, and remained attached to the plants during the
experiments. Pods were sprayed to near run-off with the
spores suspended in distilled water, using a 1-L sprayer-nozzle
bottle. The volume of suspensions applied per pod with this
procedure was 40—50 mL, considering the average surface
area of cacao pods. To help with germination of spores and to
prevent the applied suspensions from being washed off by
rain, pods were covered with transparent polyethylene bags
~1 d before application of treatments and removed 24 h after
that, to allow the trial to be conducted under natural field con-
ditions. Seven days after endophyte applications, pods were
each challenged by a suspension of 2 x 10° zoospores mL* of
P. palmivora which was also sprayed to near run-off. In order
to avoid wash off by rain, to facilitate pathogen penetration
by inducing opening of stomata, and to obtain homogeneous
infection for all treatments, pods were again covered with poly-
ethylene bags from ~1 d before until 24 h after this inocula-
tion. Positive-control pods were inoculated only with
P. palmivora and negative controls with sterile distilled water.
After 8 d from pathogen application, disease symptoms were
scored based on the followingscale: ‘1’ = no disease symptoms;
‘2’ =restricted lesions of approximately 2 mm in diameter or
5 mm in length; ‘3’ = expanding lesions with diameters from
0.2 to 2 cm; ‘4’ =lesions and/or necrosis of several sizes, coa-
lesced or not, covering up to 25% of the pod surface;
‘5’ = extended/coalesced lesions and necrosis above 25 % of
the pod surface. Endophytic fungi showing promise in the dis-
ease control were subjected to a second validation-type of ex-
periment, using the same overall procedures described
above, except that 20 pods per isolate were evaluated instead.

Assessment of endophytic nature of isolates and their
effects on growth promotion

Isolates selected from the previous screening procedure
(Table 1) had their endophytic behaviour further tested on

Table 1 — Fungal endophytes from Theobroma spp.

selected on the basis of promising biocontrol potential
against Phytophthora palmivora.

Host/fungi® Isolate Local of origin® Source
Cacao

Pestalotiopsis spp.(1) ALF 821  Benjamin constant Stem
Curvularia spp. ALF 829  Benjamin constant Stem
Fusarium spp.(1) ALF 839  Benjamin constant Stem
Fusarium spp.(2) ALF 849  Benjamin constant Stem
Tolypocladium spp. ALF 902  Benjamin constant Stem
Fusarium spp.(3) ALF 1587 Itacoatiara Branch
Cupuagu

Pestalotiopsis spp.(2) ALF 1586 Presidente Figueiredo Branch

a Numbers between parentheses differentiate isolates from the
same fungal genus/species, which were considered as different in-
dividuals because they originated from different plants.

b All municipality names listed in the Table are located in the State
of Amazonia (Brazil).
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cacao seedlings. A previously described Trichoderma martiale
isolate ‘ALF-247’, known to have both endophytic and biocon-
trol properties (Hanada et al. 2008, 2009), served as a reference
for this study.

Seedlings were prepared in 2.5 x 19 cm tissue-culture tubes
with ~80 % of the volume filled with substrate consisting of
carbonized rice husk in 35 mL of distilled water. Prior to seed
planting, tubes with substrate were autoclaved twice (in 2
consecutive days) at 121°C for 30 min. Cacao seeds were
obtained from pods of SIAL 70 collected from a field area of
the Almirante Cacau Ltd. (Bahia). Pod surfaces were scrubbed
under running tap water with detergent and desinfested with
70 % ethanol solution in a laminar flow cabinet. Pods were
then cut by sterile (flamed) retractable-blade knife to extract
the seeds, which had their mucilage removed by a sterile scal-
pel. In order to be cultivated axenically, seeds were treated for
10 min with 2 % sodium hypochlorite, washed three times
with sterile distilled water, and placed with their embryo
side over the sterile substrate. Tubes were then closed with
non-screwing aluminum lids (allowing gas exchange) and in-
cubated in a growth room at 25°C +2°C.

Fungal inoculations were done 4 d after the cacao seeds
were planted. Conidial suspensions were prepared from fungi
grown for 10 d in PDA plates at 25°C and 12 h/12 h dark/light
cycles. A 100-pL aliquot from each 107 spores mL~* suspension
was applied to the radicle; same volume of sterile distilled wa-
ter was applied to control seeds. A completely randomized de-
sign with 12 replicates (seedlings) per treatment was used.

Seedlings were assessed biometrically and fungi re-
isolated 40 d after inoculations. The distance from roots to
the cotyledons and the total seedling height were measured
in millimetres. Stem diameter was measured at two points,
1 cm above and 1 cm below the cotyledons, using a calliper.
Number of leaves was also annotated, considering only those
that were larger than 2 cm in length. Fungal re-isolations were
made from roots, stems at median and apical sections, and
leaves. Five fragments of ~0.5 cm each per organ/section (4
organs x 5 fragments = 20) were collected from each of the
12 seedlings (replicates) per isolate treatment, in a total of
240 fragments. These were all desinfested with 70 % ethanol
for 1 min, 2.5 % sodium hypochlorite for 3 min, and washed
twice in sterile distilled water. Samples were set on PDA plates
at equidistant points and incubated at 25 °C for 30 d, with 12 h/
12 h dark/light cycles. Fungal growth was monitored daily and
a seedling was scored positive for internal endophytic coloni-
zation on a particular organ/section when at least one out of
the five fragments has shown the fungal structure typical of
the inoculated isolate. The intensity of colonization per tested
isolate was estimated by the proportion of five fragments from
each organ, from each seedling, that showed fungal growth.

Statistics

The proportions of identifiable isolates in relation to Mycelia
sterilia were compared between the two Theobroma species,
with statistical significance tested by a chi-square analysis
based on 2 x 2 tables, for a comparison of proportions in two
independent samples (Snedecor & Cochran 1967); null hy-
pothesis was that the proportions were the same for both
species.

For the biocontrol experiment with the eight selected iso-
lates, analysis of variance (ANOVA) was performed, using
non-transformed disease scores, with normal distribution
previously assessed by the Lilliefors test (Lilliefors 1967).
When F-tests were significant, means comparison was per-
formed by the Student’s t-test at 5 % significance level.

To assess intensity of colonization post-inoculation, pro-
portions of positive fragments showing fungal re-isolations
(% values) were transformed by the square root of ‘x+1’
(Steel & Torry 1980). Evaluations of variances homogeneity
and normal distribution of data (Lilliefors test) indicated the
use of non-parametric analysis of variance, which was per-
formed by the Kruskal-Wallis test; when H value was statisti-
cally significant (P<0.05), means were compared by the
Student—Newman—Keuls test at 10 % significance level. All
analyses were performed using the open-access statistical
software ‘BioEstat 5.0’ (Ayres et al. 2007).

Results

A total of 160 culturable endophytic fungi were isolated from
healthy Theobroma plants: 147 from Theobroma cacao (134
from Amazonas, 23 from Bahia) and 13 from Theobroma grandi-
florum (cupuacu). Under the culturing conditions used, 17 iso-
lates lost their viability during the isolation process, five
showed insufficient sporulation for an adequate identification
and 35 did not sporulate, comprising a total of 57 isolates clas-
sified as ‘Mycelia sterilia’. All these non-sporulating isolates
came from the Amazonas State. The majority of isolates
(64.4 %) sporulated (nine from cupuagu and 94 from cacao),
which were identified on the basis of morphological charac-
teristics and tested as potential biological control agents
against Phytophthora palmivora (Table 2).

Members of a total of 26 different fungal genera/species
were found in stem/branch tissues of T. cacao. Trichoderma, Pes-
talotiopsis and Fusarium were the most prevalent genera, with
19 (13.52 %), 12 (8.16 %) and 11 (7.48 %) isolates found, respec-
tively. The presence of these genera was in agreement with re-
sults from other studies (e.g. Tejesvi et al. 2005), although the
prevalences/percentages were not the same, as different tis-
sues were used for sampling (Evans et al. 2003; Rubini et al.
2005). Eleven genera found were represented by a single isolate
(Table 2). Out of the three genera most frequently found in pre-
vious endophytic surveys in cacao, i.e. Colletotrichum, Fusarium
and Xylaria (Arnold et al. 2003), the first was underrepresented
(1.38 %) and the last was not found (Table 2). For cupuagu, only
six genera were found and, considering the very small number
of isolates recovered, their distribution was fairly homoge-
neous, varying from only one to three per identified genus. Pes-
talotiopsis was also more frequent in cupuagu and Asteromella
was the only genus not found in cacao (Table 2). It is notewor-
thy that the number of culturable fungi isolated from cacao
was ~10x higher than cupuacu, thereby reflecting the higher
number of cacao plants targeted for isolations (see Methods).
Nevertheless, the proportions of sporulating isolates to Mycelia
sterilia between the two species were not different by the chi-
square test (P > 0.10) (Table 2).

In order to verify the potential of such a collecting effort in
providing fungal endophytes with control activity against
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Table 2 — Prevalence of endophytic fungal species
isolated from Theobroma spp.

no. endophytic isolates

Fungal species Isolates prevalence

Cupuacgu Cacao
No. % No. %

Acremonium spp. 2 15.38 6 4.08
Arthrinium spp. = = 1 0.68
Aspergillus spp. — — 6 4.08
Asteromella spp. 1 7.69 = =
Clonostachys spp. = = 3 2.04
C. rosea var. catenulatum = = 1 0.68
Colletotrichum ‘gloeosporioides’  — = 2 1.36
Coniothyrium spp. = = 1 0.68
Curvularia spp. = = 6 4.08
Cylindrocladium spp. = = 1 0.68
Fusarium spp. = = 11 7.48
Gliocladium viride = = 1 0.68
Lasiodiplodia theobromae 2 15.38 4 2.72
Myrothecium verrucaria = = 1 0.68
Paecilomyces spp. = = 1 0.68
Penicillium spp. = = 9 6.12
Pestalotiopsis spp. 3 23.08 12 8.16
Phoma spp. 1 7.69 2 1.36
Septoria spp. = = 1 0.68
Talaromyces spp. = = 1 0.68
Tolypocladium spp. = = 3 2.04
Trichoderma spp. = = 9 6.12
Trichoderma asperellum = = 2 1.36
T. martiale® = = 1 0.68
T. stromaticum = = 6 4.08
T. virens = = 1 0.68
Verticillium spp. = = 2 1.36
Sub-total (103) 9 69.23 94 63.95
Mycelia sterilia (57) 4 30.77 53 36.05
Total (160) 13 100 147 100

a Species related to C. gloeosporioides, a likely temperate species
sensu stricto (Rojas et al. 2010; G.J. Samuels, pers. comm.)

b Reference isolate previously described by Hanada et al. (2008,
2009).

P. palmivora, all sporulating isolates that could be identified at
least to genus level (103 total, Table 2) were tested in a biocon-
trol field experiment in cacao pods (Fig 1; Table 3). A histogram
showing the frequency of isolates per disease-score category
indicated a Gaussian-like distribution slightly skewed towards
higher disease scores. However, the highest frequency of iso-
lates corresponded to an average disease score of 3.33, which
is below the average score obtained for the positive control in-
oculated only with the pathogen (4.0). From this general
screening experiment, 74 out of the 103 isolates tested
(71.8 %) showed some degree of reduction in the disease sever-
ity (Fig 1). However, no particular genus/species could be con-
sidered specifically more or less effective in terms of
biocontrol ability, i.e. varying degrees of activity were ob-
served for all taxa with more than two isolates identified, as
the corresponding isolates were well distributed among dis-
ease categories (Table 3). A total of eight isolates from the gen-
era Fusarium (ALF-839, -849, -1587), Pestalotiopsis (ALF-821,
-1586), Curvularia (-829), Tolypocladium (-902) and Trichoderma
(-247) showed the strongest effect on the control of
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Fig 1 — Frequency distribution of 103 endophytic fungal
isolates in relation to their biocontrol capability in a first-tier
screening procedure. Each isolate was classified on the ba-
sis of the average disease severity of three cacao pods
challenged with Phytophthora palmivora. Disease scores 1-5
in the x-axis are described in Materials and methods. Water
was used as negative control and inoculation only with

P. palmivora as the positive control, with ‘1’ () and ‘4’ (@),
respectively, as the corresponding disease scores. Star
indicates the class of biocontrol activity whose isolates
were further studied regarding confirmation of endophytic
behaviour, growth promotion and biocontrol effects.

P. palmivora, with no disease symptoms being detected on
their pods (Fig 1; Tables 1 and 3). These results were the
same as those obtained for the negative control sprayed
only with water. Based on this stringent criterion, these iso-
lates were further studied regarding their endophytic behav-
iour, growth promotion and biocontrol potential. The
Trichoderma martiale ALF-247 has been recently characterized
in various aspects related to its potential as biological control
agent (Hanada et al. 2008, 2009) and was considered here as
a reference for comparisons among isolates.

With an increase to 20 in the number of tested pods per iso-
late, a similar biocontrol experiment was performed with the
eightisolates that showed the strongest effect against P. palmi-
vora, which included the reference T. martiale ALF-247 (Fig 2).
The severity of disease after application of the selected endo-
phytes was significantly reduced (P < 0.05) for all isolates in re-
lation to positive control, in which only the pathogen was
applied to the pods. Although the reference isolate showed
the largest reduction in disease, all other isolates did not be-
have significantly differently, based on the t-test (Fig 2).

The potential BCAs studied in the biocontrol experiment
reported above were further investigated on cacao seedlings
cultivated axenically, regarding their endophytic behaviour
and effects on growth promotion. The endophytic recovery of
inoculated isolates was assessed in different parts of the seed-
lings. Most isolates were recovered from roots in at least 10
(83.3 %), and from median section of stems in at least 6 (50 %)
out of the 12 plants inoculated (Table 4). Contrariwise, a very
poor recovery was observed in leaves and apical section of
stems, with only the reference T. martiale isolate being recov-
ered from the former in three plants (25 %), and only ALF-
1587 from the latter in two plants (16.7 %). ALF-902 was not re-
covered from any organ/plant assessed (Table 4). In general,
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Table 3 — Number of isolates from endophytic fungi®
showing different levels of activity against Phytophthora

palmivora, based on four groups of disease scores®.

Fungal species Disease scores

1.0-2.0 2.1-3.0 3.1-4.0 4.1-50

%]

Acremonium spp. 1 1
Arthrinium spp. =
Aspergillus spp. = =
Asteromella spp. = 1
Clonostachys spp. = =
C. rosea var. catenulatum =
Colletotrichum =
‘gloeosporioides’

Coniothyrium spp. =
Curvularia spp. 1
Cylindrocladium spp. =
Fusarium spp. 4
G. viride = =
Lasiodiplodia theobromae = =
Myrothecium verrucaria = =
Paecilomyces spp.
Penicillium spp.
Pestalotiopsis spp.
Phoma spp.
Septoria spp. = =
Talaromyces spp.
Tolypocladium spp.
Trichoderma spp.
T. asperellum

T. martiale

T. stromaticum = 1
T. virens = = 1 =
Verticillium spp. 1 = 1 =

R RN
| = N R R

w =

N
I N N = O
N e

o o
o | =
L T I I e W N |

| R P, P, N> W

N o~

Total (103) 17 22 42 22
(165%) (21.4%) (40.7%) (21.4%)

a Included genera/species isolated from both Theobroma species
altogether.

b Disease scores as described in details in Materials and methods.
c See Table 2.

based on the average proportion of fragments per organ/plant
showing recovery of the inoculated endophyte, the intensity
of colonization was significantly different among isolates for
roots, but not for the median section of stems (Table 4). We
also tested the effects of these isolates on growth promotion
of the corresponding inoculated seedlings. No significantly dif-
ferent growth-promotion effects were observed for any of the
tested isolates, considering all the biometric parameters
assessed for the control plants. Taking all isolates and control
together, the ranges of average measures were 14.7—17.3 cm
for plant height up to cotyledons, 23.0—26.6 cm for total plant
height, 2.5—2.8 and 3.3—3.5 mm for stem diameters above and
below cotyledons, respectively, 5.2—6.0 for number of leaves,
and 0.17—-0.21 g for roots dry weight, with coefficients of varia-
tion (CV) of 18.9, 13.4, 10.8, 7.6, 22.8 and 25.65 %, respectively.

Discussion

The plants from tropical regions, in general, tend to harbour
a larger diversity of endophytic microorganisms than those
from temperate areas (Strobel & Daisy 2003). This provides

disease score
—
—
—

T. martiale 1587 849 839 1586 829 902 821

+ control

endophyte treatments

Fig 2 — Levels of black-pod disease after inoculation with
endophytic fungi (from the ‘ALF-’ series) selected on the ba-
sis of activity against Phytophthora palmivora (see Table 1).
The disease scores for each treatment are the average of 20
pods. Statistical significance is indicated by letters on top of
the bars; treatments with the same letter were not
significantly different by the t-test (P < 0.05).

a special opportunity for exploring biological features of agri-
cultural (productivity) and environmental (sustainability) in-
terests, such as the search for BCAs against Phytophthora
palmivora, the major pathogen causing BPR disease of cacao
in Amazon and Atlantic rainforests of Brazil. The diversity of
endophytic fungi found in this study for species of Theobroma
(cacao and cupuagu) was not unexpected (Strobel & Daisy
2003; Arnold et al. 2003; Rubini et al. 2005), as well as the possi-
bility of employing such endophytes as BCAs against cacao dis-
eases (Crozier et al. 2006; Mejia et al. 2008; Hanada et al. 2009).
Nevertheless, four aspects taken together differentiate our
study from others: (i) focus only on culturable/sporulating
fungi from stem and branches, (ii) focus on in vivo (field) screen-
ing for biocontrol activity, (iii) inclusion of cupuacu as a poten-
tial source of BCAs, and (iv) the specific geographic regions for
search (Amazon) and testing (Bahia) of isolates identified.

To explore the microbial diversity towards a specific func-
tion in agricultural settings, culturability and sporulation in
vitro for the isolates are required, since mass production and
formulation for large-scale applications depend on those
traits. The methodology we used, though, certainly limited
the number of fungi that could be isolated, such as those
that preferably inhabit different tissues, or that grow on spe-
cific media and/or conditions, and those of biotrophic species,
which do not grow in culture media. Hence, considering
a rough estimation that only 0.1-5 % of microbes on Earth
are culturable (Bull 2004), and that we recovered >100 cultur-
able/sporulating isolates in cacao and cupuacu from Amazon
region, within a total of 27 genera (Table 2), the total endo-
phytic diversity for Theobroma in this region (accessible
through molecular methods in a similar collecting effort),
should range from 2 x 10® to 1 x 10° possible isolates, with
540—2.7 x 10* different genera/species to be found. These re-
sults and biodiversity perspectives are in agreement with in-
formation currently available (for example, see Stone et al.
2004; Gazis & Chaverri 2010). Obviously, a significant propor-
tion of such diversity represents novel, yet undescribed spe-
cies of microorganisms, representing a rich source of natural
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Table 4 — Percentage of axenic cacao seedlings with
fungal endophytes recovered 40 d after inoculation®.

ALF- Seedlings/fragments (%)
Roots® Stem Leaves
Median Apical
247 100 85.0a 83.3 483 - - 25 13.3
821 833 50.0c 50 18.3 - - - -
829 91.7 633bc 667 367 - - - -
839 100 683bc 66.7 30.0 - - - -
849 100 75.0ab 667 333 = = = =
902 - - - - - - - —
1587 100 767ab 917 450 167 50 -— -
1586 100 63.3bc 66.7 30.0 - - - -

a A total of 12 axenically cultivated seedlings were inoculated per
each of the eight isolates (see Table 1). From each seedling, 0.5-cm
fragments from the roots, stem (median and apical sections), and
leaves (five fragments each organ/section) were cut, superficially
desinfested and plated to allow endophytic fungal growth. For
each organ/section, % values on the left columns indicate propor-
tion of 12 plants that scored positive (at least 1 out of 5 fragments
showing the characteristic mycelium of each isolate); on the right
columns, % values indicate average proportion of five fragments
per organ/plant/isolate in which fungal growth was observed (in-
tensity of colonization estimate). Non-inoculated control seedlings
were free from endophytic fungi.

b Values (%) of the right columns (intensity of colonization) were
transformed by the square root of ‘x + 1’ prior to statistical analysis.
Statistics was performed by a non-parametric analysis of variance
(Kruskal-Wallis test, P < 0.05) on a per organ/section basis (apical
stem and leaves were not tested); H value was not significant for
median stem. Means with same letters are not significantly differ-
ent by the Student—Newman—Keuls test (P <0.1).

bioactive compounds potentially useful for pharmaceutical
industries and agriculture (Hawksworth 2001; Schulz et al.
2002; Daniel 2004; Zhang et al. 2005). Among several possible
reasons to explain a high endophytic diversity in the cocoa-
producing region of Amazon, one is the typical low-technol-
ogy, subsistence-farming type of agroforestry systems, which
may be favouring less disturbed (and so, more diverse) ecosys-
tems that would, in turn, favour more microorganisms. An-
other possibility is that high levels of endophytic diversity
may be related to the pressure of phytopathogens. This would
induce the plants to rely part of their defences on anti-fungal
substances produced by beneficial endophytes (Redman et al.
2001), or even on other effects, such as vegetative growth
promotion, increased photosynthetic, nutrition and water
efficiency, abiotic/biotic stresses tolerance, and mycoparasi-
tism, competition, or induced/acquired systemic resistance
to pathogens (Harman et al. 2004; Bailey et al. 2008; Barrow
et al. 2008; Vijayaragahavan & Raman 2009).

The most frequent taxa obtained in this work were cited in
previous studies on endophytes isolated from cacao leaves in
Panama (Arnold et al. 2003) and from branch cortex and leaves
in Bahia (Rubini et al. 2005). However, more than 50 % of fungi
reported here had not yet been identified as cacao endophytes.
Some have been identified as endophytes in other plants, such
as Coniothyrium in Picea abies L. Karst. (Barklund & Kowalski
1996); Asteromella in Quercus emoryi (Faeth & Hammon 1997);
Colletotrichum, Fusarium, Pestalotiopsis, Phomopsis and Phoma in

banana trees (Brown et al. 1998; Pereira et al. 1999); and Asper-
gillus, Fusarium, Gliocladium, Phoma, Phomopsis, Phyllosticta and
Trichoderma in medicinal plants from China (Huang et al.
2008) and India (Verma et al. 2007). It was somewhat surprising
that Xylaria spp. was not found, as it might be expected based
on previous surveys (Arnold et al. 2003), as well as on its poten-
tial function in wood trees decay (Pereira et al. 1999; Oses et al.
2008). Overall, these results confirm a tendency of recent sur-
veys in which new genera not previously reported in the corre-
sponding species of study are shown (Verma et al. 2007; Huang
et al. 2008). As we further discuss below, based on the idea of
linking fungal biodiversity with the myriad of important and
useful functions they can provide (e.g. Tejesvi et al. 2005;
Verma et al. 2007; Hanada et al. 2009), the terminology ‘genetic
resources collection’ has been properly proposed instead of
‘culture collections’, aiming at changing the management
and funding perspectives for these microbial resources
(Hawksworth 2004).

In general, there are changes in endophytic communities,
both in abundance and species composition, depending on
the location, source tissue for isolation and conditions around
the plant (e.g. Tejesvi et al. 2005; Verma et al. 2007; Gazis &
Chaverri 2010). This is likely related to host variations in
chemical composition and physiological state (Espinosa-
Garcia & Langenheim 1991), as well as to environmental con-
ditions (Lappalainen et al. 1999) and temporal dynamics
(Kinkel 1991). Interestingly, various studies have indicated
that an endophytic microbiota is generally composed of two
major types of taxa: those that are found consistently associ-
ated with a given plant species, and those that are incidentally
identified (Stone et al. 2004). Vascular plants provide a unique
ecological niche for several communities of cryptic symbionts
that often contribute to multiple benefits, such that biochem-
ical and genetic studies have revealed a reprogramming of
plant cells to adjust to the endosymbionts requirements/char-
acteristics (Barrow et al. 2008; Oldroyd et al. 2009). This concept
fits well into the ‘holobiont/hologenome’ theory of evolution
(Zilber-Rosenberg & Rosenberg 2008), leading to the notion
that extinction of yet unknown endemic plant species from
heavily deforested areas shall also take away the whole suite
of associated microorganisms and potential beneficial prod-
ucts they can make, thereby further increasing the harsh ef-
fects of biodiversity losses (Strobel & Daisy 2003).

More than 70 % of fungal endophytes isolated in this study
were capable of reducing severity of BPR disease on cacao, un-
der field conditions. This suggests the existence of a mostly
mutualistic interaction host—endophytes in the culturable
fungal diversity observed in cacao and cupuacgu trees, al-
though it is not possible to address its cost/benefit relation-
ship at this point. Moreover, these results indicate that the
search for potential BCAs in the endophytic community of
the target plant, and in the geographic location considered
to be the centre of origin and dispersion of the T. cacao plant
(Motamayor et al. 2002), was indeed a valid and fruitful strat-
egy (Holmes et al. 2004; Mejia et al. 2008). Nevertheless, inde-
pendently from the mechanism through which endophytes
can be beneficial, a prolonged survival inside the plant is re-
quired for these effects to be sustained longer, for which ap-
propriate environmental and biological conditions are
needed (Elad & Kirshner 1992; Hallmann et al. 1997,
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Lodewyckx et al. 2002). Presumably, a higher survival ability of
an endophyte under a wider array of conditions tends to in-
crease its likelihood of success in competition with other mi-
croorganisms of the phyllosphere and/or endosphere,
obviously interfering with the final endomicrobiota composi-
tion and/or the beneficial effects to the host (e.g. Krauss
et al. 2006; Herre et al. 2007; Szczech 2008). Considering that
the lack of knowledge about ecological requirements for sur-
vival and adequate colonization of plants by BCAs has contrib-
uted to a lesser efficiency in their practical use (Jacobsen &
Backman 1993), one ought to understand the factors involved
in maintaining longer periods of survival and higher popula-
tional densities for the BCAs inside the plants. All these as-
pects are certainly to be considered for selection and further
exploration of the potential BCAs identified in this study.

Considering the approximately same level of biocontrol
that all seven selected isolates and the reference one pre-
sented (Fig 2), further work aiming at technological develop-
ment of formulations and application strategies is surely
warranted (e.g. Hanada et al. 2009). Although previous work
has reported potential use of isolates from the genus Fusarium
as potential BCAs against plant pathogens (e.g. Benhamouet al.
2002), the widespread existence of Fusarium diseases in tropi-
cal, perennial crops requires caution in this approach (Ploetz
2006; Rojas et al. 2010). By the same token, several other reports
on the other three genera showing activity against P. palmivora
(Pestalotiopsis, Curvularia and Tolypocladium — Table 1) has
shown relevance of strains/species as both plant pathogens
or beneficial microbes. In fact, it is acknowledged that harm-
less/beneficial endophytes in trees can become pathogens
depending on other frequently unknown inducing factors
(Kogel et al. 2006; Sieber 2007). Alternatively, because mature
fruits are likely no longer under the protection of the systemic
resistance of the plant, physiological changes in the fruit (such
as reactive oxygen species, increased sugar levels, etc.) may fa-
vour an asymptomatic endophytic fungus to become an ag-
gressive rot-causing microbe (G.J. Samuels, pers. comm.). For
instance, the Colletotrichum cf gloeosporioides isolates of this
work are very likely different species from the epitype, temper-
ate, pathogenic strain, belonging to a distinct phylogenetic
clade of mostly endophytic species (Rojas et al. 2010); they,
however, bear the potential to cause post-harvest fruit rot.

Further taxonomic characterization and more detailed
studies on the interaction of the seven isolates with host are
certainly required. In addition, the development of effective
biocontrol strategies also depends upon understanding the in-
teraction host—endophyte—pathogen, which is related to the
confirmation of endophytic behaviour, colonization pattern
and type of transmission (Herre et al. 2007). Our results suggest
that the mode of endophytic transmission in T. cacao is hori-
zontal, as non-inoculated axenic plants, used as controls for
the colonization experiment (Table 4), showed no signs of fun-
gal endophytes carried through the seeds. This is in agree-
ment with Gazis & Chaverri (2010) who worked with rubber
tree, as well as with Arnold et al. (2003), who also concluded
that horizontal transmission is operating in cacao, by showing
that less than 1 % of cacao plantlets grown under controlled
conditions were infected by fungi and that under non-con-
trolled conditions, young leaves were free from endophytes,
which were ubiquitous in older leaves.

The eight most promising isolates for biocontrol of P. palmi-
vora demonstrated adequate levels of colonization (Table 4).
The cultivation of axenic plants also demonstrated that endo-
phytic fungi have particular modes of colonization. Consider-
ing that inoculation was performed on roots, this organ and
the stem showed a higher recovery of endophytes, but not
with the same intensity (Table 4). This was not unexpected
as our endophytes were isolated from stem/branches (see
Methods). In addition, a sampling bias has likely occurred,
with a higher recovery of non-systemic, localized isolates,
since endophytic fungi in trees tend to be more restricted to
the points of infection (Stone et al. 2004), although evidence
exists for endophytic fungal colonization in woods through
the xylem sap (Oses et al. 2008). Similar results were previously
reported for the reference isolate ALF-247 (Hanada et al. 2008),
as well as by Huang et al. (2008), who have shown tissue spec-
ificity for endophytic fungi. A possible explanation for this
phenomenon was earlier advanced by Espinosa-Garcia &
Langenheim (1991), who concluded that different chemical
and physiological states of plant organs can determine the
spatial distribution of fungal endophytes.

In conclusion, our results indicated that Theobroma trees
(cacao and cupuacu) harbour a large diversity of fungal endo-
phytes, as a consequence of being a tropical, perennial species.
In this sense, the high amount of culturable isolates from stem/
branches (~72 %) showing some degree of control of P. palmi-
vora (Fig 1; Table 3), with a significant but not so strong antago-
nistic activity (Fig 2), might suggest that the microbial
community dynamics inside the plant is an important dis-
ease-suppressing mechanism under play (Streets-Bautista
etal. 2008; Barrow et al. 2008). The approach of aimingat the iso-
lation and biocontrol characterization of only culturable endo-
phytes was effective in identifying potential BCAs against
Phytophthora diseases. Furthermore, it provided the means to
further study several aspects of host—endophyte interactions
that can be manipulated towards devising efficient and envi-
ronmentally sustainable strategies/products to achieve benefi-
cial effects for healthier and productive cacao plants.
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