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Introduction

Abstract

Aims: To investigate the effects of the endophyte Bacillus subtilis ALB629 on
the growth of cacao seedlings at early developmental stage and to evaluate its
antimicrobial properties.

Methods and Results: Germinating cacao seeds were inoculated with ALB629,
and seedlings growth was evaluated 30 days later. Significant increase (P < 0-05)
was observed in the root system (up to 30%), leaf area (14%) and stem height
(7-6%). ALB629 colonized the entire plant, prevailing over indigenous
micro-organisms. In addition, it was tested in vitro, by pairing assays, and
showed antagonistic effect against the phytopathogenic fungi Moniliophthora
perniciosa, Colletotrichum sp. and C. gossypii. When tested in cacao-grafting
procedure in the field, ALB629 increased the grafting success rate (24%),
indicating its protective effect. In addition, this Bacillus secretes an antagonist
compound, as shown by the antifungal activity of the cell-free culture.
Conclusions: Bacillus subtilis ALB629 promotes cacao root growth, besides
promoting growth of the aerial part of cacao seedlings. It has antimicrobial
properties and produces an antifungal compound.

Significance and Impact of the Study: ALB629 presented beneficial
characteristics for cacao cultivation, being a good biological control agent
candidate. Furthermore, it is a potential source of antifungal compound with
potential for commercial exploitation.

spp., respectively, that generate heavy production losses
(Bowers et al. 2001). Several strategies, including chemi-

The cultivation of cacao (Theobroma cacao L.) has great
economic importance worldwide. Cocoa annual produc-
tion is around 4-3 million tons (2010/2011 season), with
increasing demand. The production is restricted to some
countries, being Ivory Coast (Cote d’Ivoire) and Ghana
the world’s two largest producers, accounting for nearly
60% of the world production (ICCO 2010). This context
makes the cocoa supply more vulnerable to political and
economic instabilities of a few countries. Cacao is also
susceptible to various abiotic and biotic stresses, such as
those caused by diseases. Indeed, cacao plants are
affected by several diseases, such as witches’ broom,
frosty-pod rot and black-pod rot caused by the fungi
Moniliophthora perniciosa, M. roreri and Phytophthora

cal control, phytosanitary pruning and use of resistant
cultivars, are used in integrated disease management
programmes. These strategies are not always sufficient,
and the use of agrochemicals, such as copper-based fun-
gicides and systemic fungicides, can be harmful to the
environment and to the workers’ health. Furthermore,
considering that cacao is mainly grown by smallholder
farmers, the application of commercial fungicides is
often limited (Acebo-Guerrero et al. 2012). Thus, sus-
tainable strategies to be included in integrated pest man-
agement of cacao are sought. The use of antagonistic
micro-organisms naturally found in the phyllosphere
and rhizosphere, including the endophytes, is among
these strategies.
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Some endophytic fungi and bacteria associated with
cacao have been investigated. The diversity of the endo-
phytic community was studied, and it was found that
Gliocladium  catenulatum reduces the incidence of
witches’ broom in cacao seedlings by 70% (Rubini et al
2005). Bae and co-workers have shown that the isolate
DIS219b of Trichoderma hamatum was able to promote
T. cacao plant growth and to cause a delay in many
aspects of the plant drought response (Bae et al. 2009).
The endophyte Trichoderma martiale strain ALF 247 was
demonstrated to reduce black-pod rot disease, caused by
Phytophthora palmivora, when sprayed on cacao pods in
the field (Hanada et al. 2009). In another study, Tricho-
derma spp. isolated from cacao have been shown to be
endophytic and to produce a volatile/diffusible antibiotic
that inhibits the development of the cacao’s pathogenic
fungus M. roreri (Samuels et al. 2006). A study with
Bacillus spp. demonstrated that Bacillus cereus isolated
from potato and tomato were able to become endo-
phytic in cacao and that the isolate BT8, from tomato,
caused significant reduction in black-pod rot (Phytophto-
ra capsici) on cacao leaves (Melnick et al. 2008). More
recently, it was suggested that endophytic endospore-
forming bacteria isolated from T. cacao could serve as
potential biological control agents of cacao diseases
(Melnick et al. 2011).

Bacteria of the genus Bacillus are good candidates for
using as biological control agents. They are able to pro-
duce a broad array of biologically active molecules, such
as antimicrobial compounds, and their spore resistance to
desiccation is suitable for formulation of stable products
(Castillo et al. 2013; Melnick et al. 2013; Lyngwi and
Joshi 2014). Among the antimicrobial compounds, the
lipopeptides can inhibit phytopathogen growth, facilitate
root colonization and reinforce host resistance (Ongena
and Jacques 2008). Moreover, in contrast to the chemical
pesticides, they have low toxicity, high biodegradability
and present environmentally friendly characteristics
(Chen et al. 2008).

Recently, an isolate of Bacillus subtilis (ALB629) has
been obtained from cacao plants in Brazil. It has been
shown that it is a systemic colonizer and plant growth
promoter, increasing the number of leaves and plant stem
height, observed in 3-month-old plants (Leite et al
2013). To further study its influence on plant growth, we
have analysed the effect of ALB629 in the root system, as
well as on the leaf area and stem height, earlier on plant
development, in 4-week-old seedlings. In addition, to
investigate the isolate’s biocontrol potential, we have
studied its antimicrobial activity in vitro against some
phytopathogenic fungi and its relation to a secreted com-
pound. We have also tested its overall beneficial activities
in the field, based on cacao-grafting experiments.

Beneficial Bacillus endophyte from cacao

Material and methods

Bacillus subtilis ALB629

Bacillus subtilis isolate ALB629 was obtained from healthy
cacao trees according to the methodology of Rubini et al.
(2005). It was maintained at —80°C in liquid LB with
15% glycerol final concentration, at Embrapa Genetic
Resources and Biotechnology. It has been elsewhere
named B. subtilis 629 (Leite et al. 2013) and deposited
into the Biological Institute Culture Collection of Phyto-
pathogenic Bacteria — IBSBF (Campinas — SP, Brazil),
under reference number IBSBF-3106.

Plant material

For plant inoculation with B. subtilis ALB629, cacao pods
were collected from trees in the central and northern
region of Brazil (Brasilia — DF and Belém — PA, respec-
tively). For the grafting procedure, the cacao clone CCN
51 and a common variety were used (Yamada et al
2001).

Seed preparation

Cacao pods were washed with soap and tap water. The
pods were opened and the seed’s coats were removed under
sterile conditions (laminar flow). The seeds were immedi-
ately immersed in sterile distilled water and then sterilized
by successive washings: 70% ethanol for 2 min, sterile dis-
tilled water for 2 min, 2-5% sodium hypochlorite for
15 min and then rinsed three times with sterile distilled
water. After the washings, the material was immersed in
1 mg ml~" ampicillin solution for 30 min. Following ster-
ilization, the seeds were allowed to germinate on 1% water
agar medium for 5 days at room temperature, generating
seedlings of approx. 2-cm-long radicles.

Plant inoculation with Bacillus

Bacillus subtilis isolate ALB629 was grown on LB agar
plates for 48 h, at 28°C. The cells were scraped off and
suspended in 100 ml of dH,O (approx. 2 x 10
CFU ml™'). Half of the seedlings, prepared as described
above, were used for inoculation and half for non-
inoculated control plants. The inoculation was performed
by immersing cacao seedlings in bacteria suspension (or
sterile distilled water for the control) for 10 min, under
sterile conditions of laminar flow without agitation. The
experimental design consisted of two treatments, inocu-
lated and non-inoculated (control). The experiment was
repeated four times (replicates). The number of plants
(n) per treatment in each replicate was 10, 12, 20 and 20.
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For fresh weight determination, one experiment consist-
ing of 70 plants per treatment was performed.

Cultivation of Theobroma cacao seedlings

The inoculated and control seedlings were transferred to
300-ml pots containing substrate for plants (Plantmax,
Eucatex®, Paulinia, SP, Brazil) mixed with red latosol soil
(3:1), which had been autoclaved twice at 121°C,
1 kgf cm™?, for 1 h. The seedlings were covered with a
fine substrate layer, and the pots were kept covered with
Parafilm® (Pechiney Plastic Packaging Inc, Chicago, IL)
for 5 days. The plants were grown in the laboratory, at
25-28°C, under natural daylight conditions and watered
every other day with approx. 20 ml of tap water.

Plant growth evaluation

The plant growth effects were evaluated in 30-day-old
seedlings by the variables leaf area, plant height and mor-
phometry/fresh weight of the root system.

The leaf area was assessed by measuring the length (L)
and maximum width (W) of the first three leaves (bot-
tom to top). The area was calculated using the area of an
ellipse, A = n/4 x W x L. This calculated area has a lin-
ear relationship to the leaf scanned area, as determined in
our previous investigation, in which the areas of 50 leaves
from cacao tree were measured by the Image Tool soft-
ware, ver. 3.0 (http://compdent.uthscsa.edu/dig/down
load.html) and compared to the calculated areas. A linear
regression equation of y = 1-137x—1-814 with regression
coefficient R? = 0-989 was obtained, where y is the
scanned area and x is the calculated area.

Plant height was measured as the length of the stem,
from apical meristem to the substrate surface. Root
system was assessed by both morphometry and fresh
weight. Root systems of 30-day-old plants were photo-
graphed using a Sony Cyber-shot digital camera. Digital
images of the roots were analysed using Image ] software
package (http://rsb.info.nih.gov/ij). The integrated density
(ID = Area x total pixel) was determined using binary
image. It was used nine plants per treatment from two
replicates. To assess fresh weight, 60-day-old seedlings
were removed from the substrate, the hypocotyls and
root system were detached and washed to remove any
loose substrate. The material was gently blotted on paper
towel and weighted immediately.

Bacillus subtilis recovery

For the recovery of B. subtilis ALB629, fragments of
leaves, stems, roots and shoot apexes from 30-day-old
inoculated seedlings were used. Non-inoculated plants
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were used as control. Micro-organisms on the surface of
the samples were previously removed by successive wash-
ings with 70% ethanol for 1 min, rinsed once with sterile
distilled water, 2-5% sodium hypochlorite for 3 min,
70% ethanol for 30 s and then rinsed three times with
sterile distilled water. The tissues were then sectioned in
0-5-cm to 1-cm fragments, as follows: roots (primary and
lateral), stem (epicotyl and hypocotyl), cotyledon, leaves
(blade, petiole and veins) and shoot apex. The samples
were distributed into LB agar plates and incubated for
2-3 days at 28°C. Extended incubation time (12 days)
was used to analyse the influence of the ALB629 inocula-
tion on micro-organisms that naturally occur in cacao.
Colonization was observed by the growth of colonies with
typical B. subtilis morphology on the evaluated tissue.
Bacillus subtilis growth was confirmed by optical micros-
copy and genomic fingerprinting (BOX-PCR).

BOX-PCR of bacterial isolates

Some bacteria grown out of the explants of inoculated
and non-inoculated seedlings in vitro were selected for
repetitive sequence-based PCR (BOX-PCR) using the
BOXAIR primer -5CTACGGCAAGGCGACGCTGACG3'
(Versalovic et al. 1994; Koeuth et al. 1995). A sample of
each colony was streaked onto LB agar and incubated at
28°C for 24 h. To obtain genomic DNA, individual colo-
nies were transferred to 10 ul of MilliQ water. After mix-
ing, the cells were frozen at —80°C, overnight, then
thawed and heated at 95°C for 5 min. The suspensions
were centrifuged at 10 000 g for 1 min. Supernatants
containing genomic DNA were transferred to fresh 1-5-
ml tubes and stored at —20°C until use.

PCR amplification was performed in modified Gitschier
buffer (16:6 mmol 17" (NH,),SO,, 67 mmol 17" Tris-HCl
pH 88, 67 mmoll' MgCl,, 67 umol1™' EDTA,
30 mmol 1" R-mercaptoethanol) (Kogan et al. 1987) plus
10% (v/v) DMSO, 0-16 mg ml~! BSA, 1-25 mmol 17! each
dNTP, 1-76 umol 1" BOXAIR primer, 2 U Taqg DNA
polymerase (Phoneutria biotecnologia, Brazil), 1 ul of tem-
plate DNA in 50 ul reaction, using the following program:
one initial cycle at 95°C for 2 min; 30 cycles of 94°C for
3 s, 92°C for 30 s, 50°C for 1 min, 65°C for 8 min; and a
final extension at 65°C for 8 min in a thermal cycler PTC-
100 (MJ Research) according to Rademaker and de Bruijn
(1997). Amplicons were resolved by electrophoresis in
1-8% agarose gel, in 0-5 x TBE (Tris-borate-EDTA) buf-
fer, containing 0-5 ug ml~" ethidium bromide.

Antagonism to phytopathogenic fungi

Bacillus subtilis ALB629 was cultivated on potato dex-
trose agar (PDA) plates, near to each of the following
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phytopathogenic fungus M. perniciosa, Fusarium solani f.
sp. glycines, Colletotrichum sp. and C. gossypii. One col-
ony of B. subtilis (taken with a toothpick) was inocu-
lated in the centre of the plate, and four discs of
mycelium (1-cm diameter) of each fungus were placed
at equidistant points along the edge. The plates were
incubated at 28°C, with a photoperiod of 12 h/12 h, for
5 days. The influence of B. subtilis on the fungus growth
was evaluated by the morphology of the mycelium and
the presence of inhibition zone between the bacterium
and the fungus.

Antimicrobial compound investigation

ALB629 was cultivated in LB medium at 28°C,
200 rpm, for 24 h. The culture was centrifuged at
5000 g for 20 min. The supernatant was collected, fil-
tered in 0-22-um filter (Millipore) and added to PDA
(20% v/v). Mycelial discs (1-cm diameter) of C. gossypii
and M. perniciosa were individually transferred to this
medium and cultivated at 28°C for 5 days, in tripli-
cates. The fungi growth was determined by measuring

the mycelial diameters.

Theobroma cacao grafting

A commercial cacao plantation was used for grafting.
Healthy branches of the clone CCN 51 were cut in 25-cm
pieces and then grafted onto cacao plants of the common
variety. A batch of 50 grafts was sprayed with a bacterial
suspension of 1-2 x 10° CFU ml™' of ALB629, until
near run-off. Fifty grafts were treated with the fungicide
benomyl (0-4 g17"), and 50 grafts were sprayed with
water, as positive and negative controls, respectively. Fol-
lowing the ordinary grafting procedure, a plastic bag was
placed over each graft to function as a humidity chamber.
The grafting success was evaluated 60 days later.

Statistical analysis

The leaf area and stem height means of inoculated and
non-inoculated (control) plants were compared by mixed
models, using the Imer library of the ‘R’ statistical plat-
form (R-Core-Team 2013), considering the replicates as a
random effect.

For root system analyses, the integrated density (ID)
means of inoculated and non-inoculated (control) plants
were compared using the generalized linear model,
assuming a Poisson distribution, as this variable assumes
discrete values. In the case of the fresh weight analysis, it
was assigned a gamma distribution due to the continuous
and asymmetric distribution of the data. These analyses
were developed using the glm library of the ‘R’ package.

Beneficial Bacillus endophyte from cacao

The grafting success rate between the treatments was
also compared using generalized linear model, assigning a
binomial distribution, as the variable analysed is a dichot-
omous variable.

For all statistical analyses, values of P < 0-05 were con-
sidered significant.

Results

Theobroma cacao growth promotion

To evaluate the influence of the B. subtilis ALB629 on
T. cacao growth, some parameters (leaf area, stem height
and root system development) of the Bacillus-inoculated
and non-inoculated seedlings were compared. The mea-
sures were determined in 30-day-old seedlings.

The data showed significant increase (P < 0-05) of
about 14% in leaf area of the bacterium-inoculated plants
(64-37 + 21-94 cm?) relative to the control (56-42 +
17-18 cm®). The analysis of the residual effects of the
model showed that 66% of the variability refers to the
differences between the batches and 34% to random
causes. The variability due to the batch was filtered
through mixed models, and, on average, the difference
was evident.

The inoculated plants also showed significant
increase (P < 0-05) in stem height of about 7-6%
(1526 £ 4-46 cm) relative to the control (14-18 &
4-27 cm). The variability due to the batch was filtered
through mixed models, and the analysis of the residual
effects of the model revealed that most of the variability
(92%) refers to the differences between batches and the
remainder (8%) to random causes. An example of the
difference in the plants stem height between treatments is
shown in the Fig. la.

The root system of inoculated plants was significantly
larger (P < 0-05) than the control. In one experiment, it
was 30% larger (ID: 122 x 10° pixels £ 0-27 x 10° vs
0-94 x 10° pixels + 0-18 x 10°). Similar effect (22%)
was observed in a replicate (ID: 1-42 x 107 pixels =+
0-16 x 107 vs 1-16 x 107 pixels &= 0-18 x 107). A simi-
larly significant increase (24%, P < 0-05) was also
observed when root fresh weight was analysed (1-57 &+
0-59 g vs 1-27 £ 0-63 g). In this case, a batch of 60-day-
old plants was used. An example of the difference in the
plant root systems is shown in the Fig. 1b.

Bacillus subtilis colonization

The ability of B. subtilis ALB629 to colonize the seedlings
and its influence on naturally occurring micro-organisms
were analysed in roots (primary and lateral), stem (epi-
cotyl and hypocotyl), cotyledons, leaves (blade, petiole
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Control

Inoculated

Figure 1 Effect of Bacillus subtilis ALB629 on the growth of Theobroma cacao seedlings. (a) Effect on plant height. (b) Effect on root system.
Germinating cacao seeds were inoculated with ALB629 and cultivated for 30 days. Control: non-inoculated seedlings.

and veins) and shoot apex by observing the Bacillus
recovery on LB agar. It was recovered from all examined
tissues of the inoculated plants (Fig. 2a). To check its
influence on micro-organisms that naturally occur in
cacao, the plates were incubated for up to 12 days. Sev-
eral different micro-organisms were observed in the con-
trol plates (Fig. 2b), which were not observed in the
plates of ALB629-inoculated plants. Fungi and bacteria
with Bacillus-like colony morphology were found among
the culturable micro-organisms. However, these bacteria,
isolated from plant cotyledons and leaves, presented
genomic fingerprints different from B. subtilis ALB629
when analysed by BOX-PCR (Fig. 2c).

Antagonism to phytopathogenic fungi

To investigate the antagonistic effect of B. subtilis ALB629
on some phytopathogenic fungi, the mycelial growth and
the presence of inhibition zones (halos) were evaluated
by pairing ALB629 with the pathogens on PDA plates.
For most of the tested pathogens, mycelial growth inhibi-
tion and halo formation were observed (Fig. 3). The
strongest inhibition was observed for Colletotrichum. The
fungi Colletotrichum sp. and C. gossypii presented clear
inhibition zones. For F. solani, no halo was observed, but
a different pattern of mycelial growth was visible in the
presence of the Bacillus, as indicated by the arrow on the

Figure 2 Recovery of Bacillus subtilis ALB629 from inoculated Theobroma cacao seedlings. Fragments from different tissues were placed on LB
agar and incubated for 12 days, at 28°C. (a) Inoculated plant. (b) Non-inoculated plant (control). L — leaf (blade, petiole and veins); R — roots
(main and lateral); S — stem (e — epicotyl and h — hypocotyl); Ct — cotyledon; M — shoot apex with apical meristem. All micro-organisms grown in
‘a’ have a Bacillus-like morphology, while in ‘b’, a great diversity of micro-organisms is visible. (c) BOX-PCR genomic fingerprints of Bacillus-like
bacteria from inoculated and non-inoculated plants. Lanes: 1) ALB629 from LB stock; 2) ALB629 from cotyledon of inoculated seedlings; 3-6)
Indigenous Bacillus-like bacteria from cotyledons (lane 3-5) or leaves (lane 6) of non-inoculated seedlings.
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Colletotrichum sp.

C. gossypii

F. solani

Beneficial Bacillus endophyte from cacao

M. perniciosa

Figure 3 Antagonistic effect of Bacillus subtilis ALB629 on phytopathogenic fungi. ALB629 was inoculated in the centre of a PDA plate contain-
ing four equidistant fungal mycelial discs. The plates were incubated at 28°C, photoperiod of 12 h/12 h, for 5 days. (a) Control — phytopatho-
gens non-paired with ALB629. (b) Phytopathogens paired with ALB629. (c) Amplified image of the inhibition zone observed in the
Moniliophthora perniciosa assay. Dotted white circles highlight the inhibition zone. Arrow indicates the ring-like pattern in the Fusarium solani

mycelium, not seen in the control.

Fig. 3. In regard to the cacao pathogen M. perniciosa, it is
noticeable that the fungal growth was affected by the bac-
teria, although a less prominent inhibition zone is
formed.

In addition, mycelial growth of C. gossypii and M. per-
niciosa was inhibited when the supernatant of the
ALB629 culture was added to the fungi cultivation med-
ium (PDA). For C. gossypii, the mycelia diameter was
approx. 3 times smaller than the control (6:46 + 0-25 cm
vs 2:0 cm). In the case of M. Perniciosa, it was about
twice smaller (3-36 &= 0-15 ¢cm vs 1-87 £ 0-06 cm).

100 r
L 88
< 80t
[0) L
© 62
o 60 r
[%]
Q L
g 38
2 401
D L
£
T 20 f
O] L
0
Fungicide Bacillus Water

Figure 4 Effect of Bacillus subtilis ALB629 in the cacao-grafting suc-
cess rate. Grafted plants were sprayed with ALB629 and the grafting
success evaluated after 60 days. Water and fungicide-sprayed plants
were used as negative and positive controls, respectively. Treatments
were compared by generalized linear model, assigning binomial distri-
bution. The differences were significant at P < 0-05.

Effect of Bacillus subtilis ALB629 on Theobroma cacao
grafting

To evaluate the effects of B. subtilis ALB629 on the
cacao-grafting success rate, the isolate was used in the
grafting procedure and compared to the use of fungicide
(benomyl) or water. The data of the treatments were
analysed by generalized linear model (glm), assigning a
binomial distribution. Statistically (P < 0-05), the grafting
success rate of plants treated with ALB629 was 24%
higher than the rate of plants treated with water and 26%
lower than that of fungicide treated plants, as shown in
the Fig. 4.

Discussion

Bacillus spp. are common endophytes of cacao trees and
possibly play an important role in the trees’ native micro-
bial community (Melnick et al. 2011). In this work, we
have studied the bacterial endophyte, B. subtilis ALB629,
isolated from T. cacao, which presents several characteris-
tics of interest for cacao cultivation. Recently, Leite et al.
(2013) reported that this isolate acts as cacao plant
growth promoter, assessed by number of leaves and plant
height in 3-month-old seedlings. Here, we show that this
isolate also influences positively the growth of the root
system, as well as the aerial part of T. cacao seedlings,
quite early in the development (30-day-old seedlings). At
this stage, an increase in the foliar area, as well as in stem
height, can be noticed in the inoculated plants. This
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increase in leaf area is consistent with the higher photo-
synthetic rate reported by Leite et al. (2013). These effects
on growth can also be explained by the increase we
observed in the root system, which leads to improved
absorption of nutrients and water from the soil, resulting
in a more vigorous plant.

The influence of endophytic bacteria on plant growth,
including an increase in the root system, has been reported
for several plant-endophyte systems. For instance, Taghavi
and co-workers reported that the bacteria Stenotrophomon-
as proteamaculans 568, Pseudomonas putida W619 and
Enterobacter sp. strain 638 accelerated roots and shoot for-
mation in poplar trees. In addition, the later bacterium
caused an increase in their biomass production (Taghavi
et al. 2009). Bacillus sp. EUC10, isolated from eucalyptus,
increased the growth of roots and aerial parts of plantlets
from the hybrid Eucalyptus urograndis (Paz et al. 2012). In
this regard, effects of Bacillus spp. on plant growth promo-
tion have been reported for other systems. For example, it
has been demonstrated that B. subtilis and Pseudomonas
aeruginosa enhanced the plant growth, assessed by shoot
height and dry biomass of tomato, okra and African spin-
ach (Adesemoye et al. 2008). More recently, it was also
demonstrated that the inoculation of strawberry plants
with Pseudomonas and Bacillus stimulated plant growth
and increased the number of fruits per plant (Esitken et al.
2010). The mechanisms by which promotion of plant
growth occurs are diverse, including improvement of the
plant nutritional level, synthesis of phytohormones and
signalling molecules, and production of siderophores and
volatile compounds (Ryu et al. 2004; Ryan et al. 2008;
Maksimov et al. 2011). It is also known that Bacillus spp.
can elicit induced systemic resistance (ISR) which, in most
cases, results also in promotion of plant growth (Kloepper
et al. 2004).

Another interesting characteristic of ALB629 is that it
is an efficient colonizer of cacao leaves, stems and roots
(Leite et al. 2013). Aiming to evaluate its spatial distribu-
tion in each organ, we analysed the presence of the endo-
phyte in parts of the root (primary and lateral), stem
(epicotyls and hypocotyl), cotyledons, leaves (blade, veins
and petiole) and shoot apex. Actually, it was possible to
isolate the inoculated Bacillus from every part analysed.
Considering the antagonistic effect shown by the isolate
(Fig. 3), the presence of this endophyte in the plant may
be helpful to protect the cacao tree against pathogens
such as Phytophthora spp. and M. perniciosa. The isolate
presence in the shoot apex, including the apical meri-
stem, is of particular interest in the case of M. perniciosa,
as this pathogen invades the plant through meristematic
tissues (Bowers et al. 2001). Furthermore, the Bacillus
isolate systemic distribution might help impair the estab-
lishment of other pathogens.

L.L. Falcao et al.

We suggest that ALB629 have prevailed over indigenous
micro-organisms such as fungi and other Bacillus-like bac-
teria, as shown by in vitro recovery and BOX-PCR experi-
ments (Fig. 2). This prevalence can be a result of the
inoculum strength, which may have favoured its competi-
tiveness, but it can also be due to the antagonistic effect,
especially considering the fungi growth inhibition observed
(Figs. 2b and 3). In fact, B. subtilis ALB629 presented in
vitro antagonism as demonstrated by the growth inhibition
of some phytopathogenic fungi, such as M. perniciosa, Col-
letotrichum sp. and C. gossypii (Fig. 3). Moreover, in the
field test, ALB629 was able to protect grafted plants,
improving the graft union (Fig. 4), which is consistent
with the antagonistic and/or growth promotion effects.
These results suggest that B. subtilis ALB629 can be benefi-
cial in terms of plant tolerance to pathogens. Experiments
with B. subtilis against other phytopathogenic fungi else-
where have shown similar responses. For example, preli-
minary studies with B. subtilis ALB629 indicate that it
confers protection to cotton against the damping-off, a dis-
ease caused by C. gossypii var. cephalosporioides, when it is
used in association with other bacteria (Medeiros et al.
2008). More recently, it was shown that B. subtilis, isolated
from the rhizosphere of chilli, presented high antagonistic
activity against C. gloeosporioides (Ashwini and Srividya
2013). In another study, the endophyte B. subtilis L25 pre-
sented antagonistic effects on the growth of the chestnut
blight fungus Cryphonectria parasitica, a severe disease of
chestnut (Castanea sativa), and suppressed the growth of a
broad range of different fungal species (Wilhelm et al.
1998). Chaurasia and co-workers found that a strain of
B. subtilis, originally isolated from the rhizosphere of tea
bushes, restricted the growth and induced morphological
abnormalities on four phytopathogenic fungi: F. oxyspo-
rum, Pythium afertile, Alternaria alternata and Cladospori-
um oxysporum. The effects were shown to be caused by the
production of diffusible and volatile antifungal compounds
(Chaurasia et al. 2005). Furthermore, Bacillus spp. are also
able to produce chitinases that degrade chitin, a major con-
stituent of the fungal cell wall (Kumar et al. 2012; Castillo
et al. 2013). In the case of the ALB629 isolate, we have
shown that it presents in vitro antifungal activity against
different phytopathogens, both by direct contact (dual-cul-
ture assay) and by exposure of their mycelia to its superna-
tant compounds. This indicates that one or more
antifungal compounds are produced by ALB629, but fur-
ther analysis should be conducted to characterize them.
Whether these compounds are synthesized and have anti-
microbial activity in vivo must be also investigated, which
is particularly challenging. In situ antibiotics production by
bacteria, including B. subtilis, has been demonstrated by
using analytical techniques, such as thin-layer chromatog-
raphy, high-performance liquid chromatography (HPLC)
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and liquid chromatography-mass spectrometry (LC-MS).
However, the inhibitory effects of these antibiotics on the
micro-organisms growth in vivo remains unclear (Raaij-
makers and Mazzola 2012).

The investigation conducted so far shows that B. subtil-
is ALB629 has potential to be employed in biotechnologi-
cal applications for management of cacao, not only as a
growth promoter for seedlings production (Leite et al
2013), but also as a biological control agent. Further-
more, it appears as an interesting opportunity for further
investigation on plant—endophyte—pathogen interactions,
as well as a potentially valuable source for novel antifun-
gal compounds.
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