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Abstract
Decline and death of young vines is a worldwide problem for viticulture that may lead to economic loss. Fungal pathogens have
been associated with trunk and root diseases, including the black foot disease that affects the performance of the vineyards.
Fungicides have not worked efficiently to control the disease and alternative methods should be investigated. We evaluated the
potential of Bacillus subtilis strain F62 for controlling the disease caused by different strains in grapevine rootstocks 1103P (Vitis
berlandieri × V. rupestris) and SO4 (V. berlandieri × V. riparia). The in vitro antagonism of B. subtilis F62 was evaluated on
mycelial growth, by diffusible and volatile compounds, and conidia germination, by bacterial suspension and cell-free filtrate. In
the in vivo assay, cuttings and micropropagated rootstocks were submitted to four different treatments: control, Bac (B. subtilis
inoculation), Pat (pathogen inoculation) and Bac + Pat. According to our results, the bioagent was able to inhibit the mycelial
growth of all the three fungal isolates by diffusible compounds and conidial germination by bacterial suspension and cell-free
filtrate. In the in vivo assay, cuttings of SO4 treated with B. subtilis F62 showed higher shoot nodes and length of primary shoot,
while cuttings of 1103P had a longer primary shoot. In micropropagated plants, B. subtilis F62 promoted plant growth in both
rootstocks and reduced the frequency of D. macrodidyma re-isolation to 24.6% in SO4 and 29.5% in 1103P. The results
demonstrated the potential of B. subtilis F62 on plant growth promotion and in the biocontrol of black foot disease on
micropropagated plants and cuttings of grapevine rootstocks 1103P and SO4.
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Introduction

The young grapevine decline and death have increased in recent
years affecting production of grape and wine worldwide due to
the reduction in the vine productivity and the elimination of
young vineyards (Berlanas et al. 2017; Gramaje et al. 2018).

Although several factors have been associated with the syn-
drome, fungal strains associated with black foot disease have
been considered the main cause for the vineyard decline (Aroca
et al. 2010; Gramaje and Armengol 2011).

Black foot is a fungal disease that causes a significant im-
pact on grapevine production and may be caused by different
genera such as Cylindrocarpon , Campylocarpon ,
Dactylonectria, Ilyonectria, Neonectria, Cylindrocladiella
and Thelonectria (Gramaje and Armengol 2011; Agustí-
Brisach and Armengol 2013; Halleen and Fourie 2016).
These fungi attack the grapevine trunk and roots through
wounds causing necrosis of woody tissue, gum exudation,
dark xylem discoloration, necrotic lesions and root biomass
reduction (Gramaje and Armengol 2011; Agustí-Brisach and
Armengol 2013). The external symptoms appear at the begin-
ning of the vegetative cycle, and are characterized by reduced
vigor, leaves with interveinal chlorosis and necrosis, shorten-
ing of internodes and wilting (Garrido et al. 2004; Abreo et al.
2010). Use of healthy mother vines is key for preventing the
disease because asymptomatic plants may be already infected
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by these fungi (Waite et al. 2015). Other measures are impor-
tant to prevent plant contamination during the propagation
process such as use of resistant rootstocks, hot water treatment
of cuttings, cultural practices in nurseries and vineyards, and
the management of fungal diseases by chemical or biological
control (Gramaje et al. 2018).

The intensive use of fungicides leads to an increased risk of
contamination of the environment and harmful effects on food
security as well as selection of chemical-resistant strains in the
pathogen population (Boubakri et al. 2015). The use of biocon-
trol agents, when proven technical and cost-effective, is an attrac-
tive alternative for which these issues are not of concern (Shafi
et al. 2017). Moreover, use of chemical pesticides in nurseries is
complicated by the difficulty of traditional techniques such as
spraying or immersion to reach the target pathogen that reside
inside the xylem and phloem (Waite et al. 2015).

Antagonistic bacteria often act mainly by antibiosis mech-
anism and occasionally by parasitism and competition.
Microorganisms of the former group usually have a broad
spectrum of action, being the production of toxic substances
more effective than other mechanisms involved in inhibition
of pathogen growth (Santos et al. 2015). Studies have shown
the efficacy of B. subtilis in the control of vine fungal patho-
gen including Eutypa lata (Ferreira et al. 1991; Kotze et al.
2011), Botrytis cinerea and Colletotrichum gloeosporioides
(Furuya et al. 2011; Boubakri et al. 2015), Phaeomoniella
chlamydospora, Phomopsis viticola, Diplodia seriata,
Lasiodiplodia theobromae, Neofusicoccum australe and N.
parvum (Kotze et al. 2011; Rezgui et al. 2016), Plasmopara
viticola (Furuya et al. 2011; Boubakri et al. 2015) and
Dactylonectria macrodidyma (Santos et al. 2016).
Furthermore, B. subtilis works as a plant growth-promoting
rhizobacterium that stimulates the growth and development of
plants, through the bioavailability of nutrients and the stimu-
lus of hormonal biosynthesis, increasing the yield, reducing
biotic and abiotic stresses (Compant et al. 2010; Kejela et al.
2017). This study evaluated the antifungal activity and plant
growth promotion of a B. subtilis strain F62 against black foot
pathogens inoculated on micropropagated or cutting-derived
vine rootstocks.

Material and methods

Pathogens and antagonistic microorganisms

Three isolates of black foot pathogens were collected from
grapevines showing symptoms of black foot disease and
stored in the fungal collection of IFRS (Instituto Federal de
Educação, Ciência e Tecnologia do Rio Grande do Sul Bento
Gonçalves, RS, Brazil). The isolates were identified based on
their sequences of 5.8S ribosomal RNA (rRNA) genes which
were deposited in GenBank (Table 1).

The antagonistic rhizobacterium used in this study is a soil-
borne B. subtilis strain F62 obtained in Caxias do Sul, Brazil.
The amplification of the 16S rDNA region (Sterky and
Lundeberg 2000) showed 100% similarity to a pre-existing
sequence in NCBI of B. subtilis at accession number NR
102783.2.

In vitro antifungal assay

The conidia were obtained from 10-day old colonies incubat-
ed in Potato Dextrose Agar (PDA) at 25 °C in 12 h light/12 h
dark and the spore concentration was adjusted to 105 conidia
mL−1 with distilled and sterile water. The bacterium was in-
cubated in Potato Dextrose broth (PD) at 28 °C for 48 h with
shaking at 150 rpm. The cells were centrifuged at 3500×g for
5 min at 23 °C, the pellet was washed three times with steril-
ized water, resuspended in 0.85% NaCl solution and the con-
centration was adjusted to 106 CFU mL−1. The cell-free fil-
trate was obtained from the bacterial culture supernatant after
0.22 μm membrane filtration.

The effect of B. subtilis F62 on mycelial growth was eval-
uated in two different trials. In the dual culture assay (antag-
onism by diffusible compounds), a 6 mm diameter agar disc of
mycelium was placed on the center of a Petri dish containing
PDA. After 24 h, it was applied 25 μl of suspension of
B. subtilis F62 at four equidistant points around fungal myce-
lium. The volatile compounds assay was assessed using two
Petri dishes containing PDA overlaid and sealed with
parafilm: on the upper dish was inoculated a 6 mm diameter
agar disc of mycelium and on the lower dish was spread
100 μL of B. subtilis F62 suspension. As a negative control,
dishes were inoculated only with pathogens. Each treatment
was replicated ten times, and the dishes were incubated for
21 days at 25 °C in dark. The mycelial growth was measured
using a digital caliper, and the data was converted into myce-
lial growth inhibition

MGI ¼ dc–dtð Þ=dc½ � � 100;

where dc and dt represent the mean colony diameters of con-
trol and treated groups, respectively. The mycelial growth
speed index (MGSI) was determined according to the formula

MGSI ¼ Σ d−dpð Þ=N½ �;
where d represents the mean colony diameter at the present
day, dp represents mean colony diameter from the previous
day and N represents number of days after dish incubation
(Oliveira et al. 2016).

The conidial germination assay was carried out in flasks
containing 5 mL PD broth with shaking at 130 rpm at 28 °C
for 24 h in three different treatments: control = 105 conidia
mL−1; Bac + Pat = 105 CFU mL−1 of bacterial suspension
+105 conidia mL−1 of pathogen suspension; Fil + Pat = 1 mL
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of bacterial filtrate +105 conidia mL−1 of pathogen suspen-
sion. The germination rate was evaluated by observing 100
conidia per replicate in an optical microscope. Each treatment
was repeated three times.

In vivo antagonism: rootstock cuttings

Vegetative material of grapevine rootstocks 1103P and SO4
was collected in the field at the Embrapa’s experimental sta-
tion, in Bento Gonçalves, Brazil. Rootstock cuttings (30 cm
length and 12 mm diameter) were treated with sterilized water
for 24 h and then submitted to hot water treatment (Bleach
et al. 2013). Cuttings were arranged in a growth chamber at
28 °C and 70% relative humidity for 15 days, acclimated at
room temperature for 5 days and, subsequently, transferred to
plastic flasks containing 250 mL autoclaved substrate (90%
sphagnum peat and 10% vermiculite) with 5 g L−1 of gradual
release fertilizer (5–6 months). In the in vivo assay, the conidia
suspension of D. macrodidyma TD1110 (5 105 conidia g−1 of
substrate) was prepared according to Santos et al. (2016), and
B. subtilis F62 was inoculated at the concentration of
104 CFU g−1 of substrate. Each rootstock were submitted to
four different treatments in a completely randomized design,
with application of 10 mL of suspension onto substrate: con-
trol = distilled and autoclaved water; Bac = B. subtilis F62 (1st
and 14th days); Bac + Pat = B. subtilis F62 (1st and 14th
days) + TD1110 (7th day) and Pat = TD1110 (7th day).
Thirty cuttings were used per treatment of each rootstock.

The experiment was conducted in a greenhouse for 160 days
as described (Gramaje et al. 2016). Afterwards, the following
parameters were assessed: length of primary shoot (LPS, cm),
number of nodes in the primary shoot (NNPS), total number of
shoots in the plant (TNS), total number of nodes in the plant
(TNN), shoot dry weight (SDW, g), root dry weight (RDW, g)
and frequency of pathogen re-isolation (RI, %). Dry weight was
determined after drying plant material in forced ventilation at
60 °C until constant weight. Pathogen re-isolation was carried
out employing eight fragments from basal ends of the cuttings
distributed in two Petri dishes, disinfested and incubated as
described (Santos et al. 2016).

In vivo antagonism: micropropagated rootstocks

Initially, shoots were collected from cuttings of 1103P and
SO4 and submitted to hot water treatment, then they were
immersed in 70% alcohol for 1 min followed by immersion

in 1% sodium hypochlorite containing 0.02% Tween 20 for
20 min and in the end washed three times by soaking in sterile
water. The propagules were inoculated in tubes containing
12 mL of half concentration MS medium (Murashige and
Skoog 1962), supplemented with 30 g L−1 sucrose, 6 g L−1

agar, 1 mg L−1 BAP (6-benzylaminopurine) and the pH was
adjusted to 5.8. The explants were submitted to two subcul-
tures, and the plantlets were rooted in the same medium, sup-
plemented with 15 g L−1 sucrose, 6 g L−1 agar and 0.1 μg L−1

NAA (α-naphthaleneacetic acid). Growth was performed at
25 ± 2 °C, 70% relative humidity, in 16 h light/8 h dark, with a
light intensity of 72 μmol m−2 s−1 provided by fluorescent
lamps. Plantlets with approximately four leaves and suitable
root systems were transferred to plastic cups containing
180 mL autoclaved substrate (90% sphagnum peat and 10%
vermiculite) and acclimatized for 30 days at 23–28 °C, relative
humidity higher than 60% and light intensity of
400 μmol m−2 s−1.

The in vivo assay with micropropagated plants of SO4 and
1103P was performed in triplicate with 30 replicates per treat-
ment in a completely randomized design. The inoculum con-
centrations were the same described in Section 2.3. Plants
were submitted to four treatments, drenching 4 mL of suspen-
sion in the substrate: control = sterile water; Bac = B. subtilis
F62 (1st and 14th days); Bac + Pat = B. subtilis F62 (1st and
14th days) + TD1110 (7th day) and Pat = TD1110 (7th day).

The plants were evaluated in three distinct periods: begin-
ning of the assay; 30 days later: variation of leaf number
(ΔLeaf1), variation of shoot length (ΔLength1, cm); 160 days
later: variation of leaf number (ΔLeaf2), variation of shoot
length (ΔLength2, cm), shoot dry weight (SDW, g), root dry
weight (RDW, g) and pathogen re-isolation (RI, %).

Data analysis

All data were subjected to Kolmogorov-Smirnov test to eval-
uate the normality of the data. The in vitro antagonism of
B. subtilis by volatile and diffusible compounds and conidia
germination were analyzed according to Factorial ANOVA.
Parametric data were analyzed by ANOVA followed by
Tukey test, and non-parametric data were analyzed by
Kruskal Wallis followed by Dunn-Bonferroni test. In the
in vivo assays, it was used the ratio for Factorial ANOVA
analyses, as a dimensionless variable, calculated as [(C-T)/
T]*100, where C is the control and T is the treatment.
Factors that did not interacted significantly were analyzed by

Table 1 Information for three
fungal isolates associated with the
black foot disease

Isolates Species GenBank number Origin (city/country) Rootstock/Cultivar

TD176 Ilyonectria liriodendri MK421586 Farroupilha, Brazil 1103P/Chardonnay

TD1110 Dactylonetria macrodidyma MK421587 Vacaria, Brazil 1103P/Itália

TD1117 Ilyonectria liriodendri MK421588 Pinto Bandeira, Brazil SO4
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Kolmogorov-Smirnov test for rootstock and Kruskal-Wallis
followed by Dunn-Bonferroni test for treatments. Data from
significant interactions were analyzed by Kruskal-Wallis
followed by Dunn-Bonferroni. The analyses were performed
in SPSS 22.0 software (SPSS Inc. Chicago, IL), and the alpha
level for statistical significance was set at p ≤ 0,05.

Results

In vitro antifungal assay

The analysis of mycelial growth assay data showed a signifi-
cant interaction between isolates and treatments for both con-
ditions (Table 2, Table 3 and Supplementary Material 1).
B. subtilis F62 reduced significantly the mycelial growth
speed index (MGSI) of I. liriodendri TD1117 and TD176,
and D. macrodidyma TD1110 in the dual culture assay
(Table 2 and Supplementary Material 2). Moreover, isolates
submitted to antagonism by volatile compounds did not show
any difference in the mycelial growth among them (Table 2
and SupplementaryMaterial 3). The inhibition occurredmain-
ly due to diffusible compounds and varied from 61.1%
(TD1110) to 69.0% (TD1117) relative to the control. On the
other hand, the volatile compounds reduced fungal mycelium
diameter ranging from 2.9% (TD1110) to 14.2% (TD176)
(Table 2) with sparse growth andmorphological abnormalities
in the development of fungal mycelium compared to the con-
trol (Supplementary Material 4).

Conidia germination of the three pathogen isolates was
evaluated in order to characterize the action of B. subtilis
F62 and its compounds, and the statistical analyses indicated
an interaction between isolates and treatments (Fig. 1 and
Supplementary Material 1). In general, the number of conidia
germinated was lower in the treatments with B. subtilis cells
and cell-free filtrate compared to the control that presented all
the conidia germinated (100) after 24 h of incubation. In the
treatment Bac + Pat, the number of conidia germinated varied

from 100 in the isolate of D. macrodydima (TD1110) to 74.1
(TD176) and 55.5 (TD1117) in both I. liriodendri isolates
(Fig. 1). Moreover, Fil + Pat treatment resulted in the number
of conidia germinated varying from 28.7 in the isolate of
D. macrodydima (TD1110) to 7.4 and 72 in the isolates of
I. liriodendri TD176 and TD1117, respectively (Fig. 1).

In vivo antagonism: rootstock cuttings

The isolate ofD. macrodidyma (TD1110) was selected for the
in vivo assays for presenting the lowest response to the antag-
onismwithB. subtilis F62. All parameters evaluated presented
none interaction between treatment and rootstock factors, and
just the treatment showed significantly affect the responses
(Table 3 and Supplementary Material 1). The inoculation of
B. subtilis F62 had a significant positive effect on the growth
promotion of cuttings of SO4, with an increase of length of
primary shoot, number of nodes in the primary shoot, and total
number of nodes in the plant concerning the control, while
other responses were not affected. Similarly, the bioagent in-
oculation played a significant role in growth promotion in
cuttings of 1103P with an increase of length of primary shoot
compared to control, number of nodes in the primary shoot
compared to pathogen inoculation treatment and total number
of nodes in the plant compared to pathogen inoculation and
B. subtilis + pathogen inoculation treatment (Table 3).
Cuttings of SO4 infected with the pathogen showed similar
responses to the control and 1103P had a reduction of length
of primary shoot compared to control and B. subtilis treatment
(Table 3). Moreover, B. subtilis + pathogen inoculation treat-
ment did not alter the plant growth of SO4 and 1103P cuttings.
The bioagent inoculation reduced the frequency of
D. macrodidyma re-isolation in SO4 cuttings from 91.3% in
pathogen inoculation treatment to 65.8% in B. subtilis + path-
ogen inoculation treatment, and in 1103P cuttings from 89.2%
in pathogen inoculation to 80.0% in B. subtilis + pathogen
inoculation treatment, however, none of these results were
statistically different (Table 3).

Table 2 Mycelial growth speed
index (MGSI) and mycelial
growth inhibition (MGI) of three
isolates associated with black foot
disease in the absence and
presence of Bacillus subtilis F62
(Bac) in antagonism assay using
diffusible (dual culture) or volatile
compounds of the bioagent

Treatments MGSI Diffusible MGI*
(%) Diffusible

MGSI Volatile MGI*
(%) Volatile

TD176 4.58 ± 0.08a 3.51 ± 0.58a

TD1110 3.54 ± 0.05a 3.65 ± 0.92a

TD1117 3.56 ± 0.05a 3.59 ± 0.25a

TD176 + Bac 0.89 ± 0.08b 69.7 3.59 ± 0.07a 14.2

TD1110 + Bac 1.12 ± 0.17b 61.1 3.56 ± 0.06a 2.9

TD1117 + Bac 0.85 ± 0.11b 69.0 3.55 ± 0.04a 6.7

*MGI was determined from mycelial diameter data measured at 21 day of incubation
+ Statistical analysis was performed separately in the diffusible and volatile assays
++Means followed by a common letter are not significantly different according to Kruskal- Wallis followed by
Dunn-Bonferroni test (p ≤ 0.05)
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In vivo antagonism: micropropagated rootstocks

Morphophysiological parameters and re-isolation of pathogen
were evaluated in micropropagated rootstocks to characterize
the role of B. subtilis F62 and statistical analyses resulted in an
interaction between isolates and treatments for variation of
shoot length at 30 days and root dry weight, and showed that
treatment influenced variation of leaf number at 30 and
160 days, variation of shoot length at 160 days later, shoot
dry weight and re-isolation and rootstock influenced just the
variation of leaf number at 30 days (Table 4 and
Supplementary Material 1). In interaction results, B. subtilis
treatment in SO4 rootstock resulted in significantly longer
plants at 30 days (ΔLength1), and B. subtilis treatment in
SO4 and 1103P with B. subtilis + pathogen inoculation treat-
ment in 1103P resulted in plants with higher root dry weight.
The B. subtilis + pathogen inoculation treatment presented
higher variation of shoot length at 30 days and root dry weight

than pathogen inoculation treatment for 1103P. The rootstock
analyses showed that 1103P had a higher number of leaves at
30 days than SO4. The treatment with B. subtilis F62 inocu-
lation (Bac) presented an increase in variation of shoot length
at 160 days later and shoot dry weight compared to control for
SO4 and promoted higher variation of leaf number at 30 and
160 days, variation of shoot length at 160 days later, and shoot
dry weight compared to control for 1103P. The treatment
B. subtilis + pathogen inoculation treatment presented results
similar to control and higher than pathogen inoculation treat-
ment in variation of leaf number at 30 and 160 days for SO4
(Table 4). The frequency of fungal re-isolation was signifi-
cantly reduced from 66.7% in pathogen inoculation treatment
to 42.1% in B. subtilis + pathogen inoculation treatment
(24.6% reduction) for SO4, and from 81.9% in pathogen in-
oculation treatment to 52.4% in B. subtilis + pathogen inocu-
lation treatment (difference of 29.5% in the incidence of the
pathogen) for 1103P (Table 4). Taking the results altogether,

Table 3 Morphophysiological
parameters in grapevine
rootstocks cuttings of SO4 and
1103P: length of primary shoot
(LPS, cm), number of nodes in
the primary shoot (NNPS), total
number of nodes (TNN), total
number of shoots (TNS), shoot
dry weight (SDW, g), root dry
weight (RDW, g) and pathogen
re-isolation (RI, %) in four
treatments: control, B. subtilis
F62 (Bac), B. subtilis F62 +
Dactylonetria macrodidyma (Bac
+ Pat) and D. macrodidyma (Pat)

Treatments LPS NNPS TNN TNS SDW RDW RI

SO4

Control 222.0 ± 13.2b 8.1 ± 0.3b 8.8 ± 0.3b 1.2 ± 0.0 2.2 ± 0.2 2.1 ± 0.1 0.0 ± 0.0b

Bac 299.5 ± 7.7a 10.5 ± 0.2a 11.5 ± 0.3a 1.2 ± 0.0 2.3 ± 0.1 2.4 ± 0.1 0.0 ± 0.0b

Bac + Pat 270.8 ± 14.5ab 8.8 ± 0.3ab 9.4 ± 0.4b 1.1 ± 0.0 2.6 ± 0.2 2.3 ± 0.1 65.8 ± 2.1a

Pat 257.7 ± 15.7ab 8.2 ± 0.4b 8.3 ± 0.4b 1.0 ± 0.0 2.3 ± 0.1 2.0 ± 0.1 91.3 ± 1.1a

1103P

Control 342.3 ± 7.8b 12.7 ± 0,3ab 13.9 ± 0.3ab 1.3 ± 0.0 1.6 ± 0.1 1.4 ± 0.1 0.0 ± 0,0b

Bac 375.5 ± 8.1a 13.5 ± 0,3a 15.7 ± 0.3a 1.4 ± 0.0 1.7 ± 0.1 1.7 ± 0.1 0.0 ± 0.0b

Bac + Pat 295.3 ± 10.8bc 11.5 ± 0,4ab 13.2 ± 0.4b 1.3 ± 0.0 1.9 ± 0.1 1.7 ± 0.1 80.0 ± 1.9a

Pat 266.3 ± 7.4c 11.2 ± 0,3b 12.8 ± 0.3b 1.3 ± 0.0 1.7 ± 0.1 1.6 ± 0.1 89.2 ± 1.6a

+ Equal letters indicate no statistically significant difference among the treatments for each rootstock according to
Kruskal-Wallis followed by Dunn-Bonferroni test (p ≤ 0.05)
++No statistically significant difference was found between the rootstocks and in the interaction between the
factors according to Factorial ANOVA (p ≤ 0.05)
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B. subtilis F62 minimized the negative impacts of
D. macrodidyma infection in plants from B. subtilis + patho-
gen inoculation treatment when compared to pathogen inocu-
lation treatment in SO4 and 1103P micropropagated
rootstocks.

Discussion

The rhizobacterium B. subtilis has been used in the in vitro and
in vivo biocontrol of different fungal diseases. In this work, the
in vitro antagonism of B. subtilis against causal pathogens of
black foot diseases was confirmed by a diffusible compound
assay. Similarly, studies developed by Alfonzo et al. (2009)
indicated that different strains of B. subtilis inhibited the
in vitro growth of four phytopathogenic fungi of the vine
(Phaeoac remon ium a l eoph i l um , Phaemon i e l l a
ch lamydospora , Fomi t ipor ia medi terranea and
Lasiodiplodia theobromae). Also, Ferreira et al. (1991) report-
ed a reduction of 88% in the mycelial growth of Eutypa lata
using a B. subtilis strain isolated in pruning wounds of the
vine. Inhibition of mycelial growth over 50% of
Botryosphaeriaceous species causing grapevine trunk diseases
were verified by Wicaksono et al. (2017) by diffusible com-
pounds of Pseudomonas sp. I2R21 and Burkholderia sp.
W6R12A and W4R11. The maximum inhibition percentage
(64.7%) was verified using Pseudomonas sp. I2R21 in the
biocontrol of Diplodia seriata. Similar results were reported
by Santos et al. (2016) which had inhibition of mycelial
growth from 20.9% to 50.6% in D. macrodidyma, using com-
mercial products containing B. subtilis (Rizos and

Rizolyptus). Another study evaluating the action of 19 bacte-
rial strains belonging to the genera Pantoea, Pseudomonas,
Curtobacterium and Bacillus on the growth of fungi causing
stem disease in vines (Lasidiodiplodia theobromae,
Neofusicoccum parvum and Schizophyllum commune)
showed inhibition varying from 2.5% to 81.5%, with a mean
of 24.9% in the paired culture (Rezgui et al. 2016).

The antagonism by volatile compounds of B. subtilis F62
was not expressive in this study and did not differ statistically
from the control of each isolate. Differently, Santos et al.
(2016) reported that the volatiles compounds of B. subtilis of
commercial products (Rizos and Rizolyptus) inhibited the my-
celial growth of D. macrodidyma, ranging from 29.5% to
69.1%. Wicaksono et al. (2017) also reported inhibition of
mycelial growth by volatile compounds higher than 30% in
Neofusicocumum ribis employing Pseudomonas sp. W1R33,
W7R11, and W7R13. Although no inhibition by volatile
compounds in mycelial growth was observed in our study,
physiological abnormalities in the mycelium were detected,
consistent with the observations of Chaurasia et al. (2005)
which reported hyphae lysis, vacuolization, and granulation
of mycelial structures on Fusarium oxysporum induced by
B. subtilis volatile and diffusible compounds.

In the conidia germination assay, the inhibition occurred by
bacterial suspension and cell-free filtrate of B. subtilis F62
culture, with some differences between the different pathogen
isolates. Interestingly, Sotoyama et al. (2016) described that
B. amyloliquefaciens IUMC7 showed antagonistic activity in
the conidial suspension of F. oxysporum f. sp. lycopersici and
that the bacterial culture supernatant, containing metabolites,
inhibited the elongation and generated abnormalities in the

Table 4 Morphophysiological parameters in micropropagated
grapevine rootstocks SO4 and 1103P: variation of leaf number after
30 days (ΔLeaf1), variation of shoot length after 30 days (ΔLength1,
cm), variation of leaf number after 160 days (ΔLeaf2), variation of shoot

length after 160 days (ΔLength2, cm), shoot dry weight (SDW, g), root
dry weight (RDW, g) and pathogen re-isolation (RI, %), in four different
treatments: control, B. subtilis F62 (Bac), B. subtilis F62 + Dactylonetria
macrodidyma (Bac + Pat) and D. macrodidyma (Pat)

Treatments ΔLeaf1 ΔLength1 ΔLeaf2 ΔLength2 SDW RDW RI

SO4

Control 2.1 ± 0.1ab 13.4 ± 0.6C 14.6 ± 0.5a 669.3 ± 14.4b 3.3 ± 0.1b 2.6 ± 0.2B 00.0 ± 0.0c

Bac 2.5 ± 0.1a 22.6 ± 0.9A 16.8 ± 0.6a 735.0 ± 16.1a 4.0 ± 0.1a 3.8 ± 0.1A 00.0 ± 0.0c

Bac + Pat 2.0 ± 0.1ab 14.8 ± 0.6 BC 14.9 ± 0.5a 684.3 ± 14.9b 3.2 ± 0.1b 2.5 ± 0.2B 42.1 ± 2.5b

Pat 1.8 ± 0.1b 11.2 ± 0.5C 12.3 ± 0.5b 596.2 ± 16.5b 3.3 ± 0.1b 1.5 ± 0.1C 66.7 ± 2.2a

1103P

Control 2.8 ± 0.2b* 17.1 ± 1.1B 11.0 ± 0.6b* 294.3 ± 11.0b 1.7 ± 0.1b 3.0 ± 0.1B 00.0 ± 0.0c

Bac 3.9 ± 0.3a* 16.9 ± 0.7B 16.6 ± 1.0a* 387.2 ± 15.2a 2.3 ± 0.1a 4.2 ± 0.1A 00.0 ± 0.0c

Bac + Pat 3.0 ± 0.2ab* 15.8 ± 0.8B 13.6 ± 0.8b* 303.8 ± 11.5b 1.8 ± 0.1b 3.9 ± 0.1A 52.4 ± 2.5b

Pat 2.8 ± 0.2b* 11.3 ± 0.5C 11.4 ± 0.6b* 291.3 ± 11.1b 1.6 ± 0.1b 2.6 ± 0.1B 81.9 ± 1.6a

+ Equal lowercase letters indicate no statistically significant difference among the treatments for each rootstock according to Kruskal-Wallis followed by
Dunn-Bonferroni test (p ≤ 0.05)
++ *indicate statistically significant difference between the rootstocks according to Kolmogorov-Smirnov test (p ≤ 0.05)
+++ Equal capital letters indicate no statistically significant difference in the interaction between the factors (treatments x rootstock) according to Kruskal-
Wallis followed by Dunn-Bonferroni test (p ≤ 0.05)
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germ tube. Also, the antagonism of B. amyloliquefaciens
LBM 5006 on conidia germination and development in
Aspergillus spp., Fusarium spp., and Bipolaris sorokiniana
was reported by Benitez et al. (2010). Similarly, Cao et al.
(2012) found that B. subtilis strain SQR 9 inhibited the myce-
lial growth and conidial germination of F. oxysporum f. sp.
cucumerinum. Metabolites produced by B. subtilis, such as
bacilomycin D, cause severe injury to the membrane, hyphae
cell wall, and fungal spores (Gong et al. 2014). Studies devel-
oped by Romero et al . (2007) demonstrated that
lipopolypeptides such as iturin and fengicin produced by
B. subtilis reduced the germination of mildew conidia in
Podosphaera fusca. Gong et al. (2014) studied the effect of
purified bacilomycin on conidia and found inhibition of
96.63% on spore germination and 98.10% on sporulation of
Aspergillus flavus.

The grapevine rootstocks 1103P and SO4 showed different
responses in the in vivo trials that could be related to genetic
and physiological characteristics. While SO4 is a rootstock
originated from the crossing V. berlandieri x V. riparia and
characterized by medium vigor, Paulsen 1103 came from the
cross V. berlandieri x V. rupestris and is characterized by high
vigor (Ollat et al. 2016). Besides, a factor that influences the
growth promotion in different species is the way that bacteria
colonize roots since they can develop on the entire surface or
in some rhizodermal cells, establishing themselves as
microcolonies or biofilms. Furthermore, the bacterial growth
rate and the ability to migrate to the aerial part of the plant are
other important factors involved in the different responses
expressed in plants (Compant et al. 2010).

In the in vivo assay with cuttings was verified growth pro-
motion in SO4 on treatment with B. subtilis F62 for half of the
parameters evaluated when compared to control, while in
1103P there was no significant effect, except for the length
of the primary shoot. Differently, Santos et al. (2016) verified
a consistent increase in plant growth troughs the parameters
evaluated in one-year-old grapevine cv. Merlot grafted on
1103P when treated with B. subtilis concerning the control.
These different responses may be due to the host-bacterium-
plant interaction that involves the recognition process and
specific interactions, such as the production of exudates that
is linked to the rhizosphere and rhizoplane colonization
(Lugtenberg and Kamilova 2009). Moreover, the composition
of the exudate depends on exposure to stress conditions, ge-
notype, and stage of plant development (Haichar et al. 2008).

Micropropagated plants of 1103P and SO4 showed a
significant growth when treated with B. subtilis F62 and
compared to control. Similarly, studies developed by Nain
et al. (2012) demonstrated that B. subtilis strain RM-2 had
positive effects on seed germination, fresh and dry weight,
leaf area, shoot and root length, and an increase in bean yield.
Lopez-Valdez et al. (2011) also observed growth promotion,
with an increase in root length, and fresh and dry root and

shoot weight one month after inoculation of B. subtilis in
sunflower. This growth promotion is a result of the increase
in nutrient uptake, reduction in the biosynthesis of ethylene,
and the production of phytohormones as 3-indoleacetic acid
and gibberellic acid. While 3-indoleacetic acid plays an essen-
tial role in adventitious root emission, gibberellic acid acts in
combination with auxins in plant elongation, and leaf bud
formation (Zahir et al. 2003, Ahemad and Kibret 2014).
Bioagent inoculation had a positive effect even in rootstocks
infected withD. macrodidyma, resulting in growth promotion
similar to healthy plants. It is known that the exudate compo-
sition in roots is potentially influenced by phytopathogens,
which may have affected the bacterium activity (Compant
et al. 2010). Moreover, having efficient root colonization re-
quires competition between pathogenic and non-pathogenic
microorganisms for space and nutrients (Shafi et al. 2017).

Regarding the biocontrol, B. subtilis F62 reduced the percent-
age of re-isolation of D. macrodidyma only in micropropagated
plants of 1103P and SO4 rootstocks. The different response be-
tween cuttings and micropropagated plants to B. subtilis F62
inoculation should be related to plant developmental stage, origin
of material, culture conditions and aseptic condition, the last in
the case of micropropagated plants. Also, the antagonistic activ-
ity against the pathogen may be explained by the bioagent ability
to develop on soil and the broad spectrum of action against fungi
according to previous studies (data not published). Santos et al.
(2016) also observed a reduction in the re-isolation frequency of
D. macrodidyma, varying from 17.87% to 40.32% in vines cv.
Merlot grafted on 1103P, though it was not different from path-
ogen inoculated plant. Likewise, Baumgartner and Warnock
(2006) found that B. subtilis inhibited the growth of Armillaria
mellea, which causes root rot in vines. However, field results
indicated that the treatments did not prevent infection but may
assist in maintaining productivity in infected vines. Another
study carried out on vine pruning injuries of Merlot and
Chenin Blanc cultivars demonstrated that B. subtilis reduced
the incidence of N. australe, N. parvum, D. seriata,
L. theobromae, E. lata, P. chlamydospora and P. viticola eight
months after starting the experiment (Kotze et al. 2011). Also
corroborating our results, Rezgui et al. (2016) reported that
B. subtilisB6 inhibited in 35% the percentage of necrosis caused
by N. parvum in cv. Muscat d’Italie grafted on 1103P when
compared to control inoculated only with phytopathogenic fun-
gus. The black foot disease usually manifests in mature grape-
vines, but its causal agent can be frequently isolated from symp-
tomatic and asymptomatic rooted rootstock cuttings (Agustí-
Brisach and Armengol 2013). That could explain the cuttings
and micropropagated plants of SO4 and 1103P rootstocks with
a positive presence of the pathogen but absent of symptoms.
Moreover, these plants were evaluated 160 days after inocula-
tion, and that could be not enough to have the development of
symptoms, or the bioagent could be permitting the plant to tol-
erate the pathogen occurrence. The last could be possible as

Trop. plant pathol. (2020) 45:103–111 109



plants inoculated with the pathogen and treated with B. subtilis
F62 bioagent presented a growth similar to control plants, but
further studies should be carried out for a longer time to evaluate
if symptoms would appear.

Different studies have demonstrated a positive relationship
between the application of Bacillus spp. and the induction of
resistance against phytopathogenic microorganisms. These
rhizobacteria may promote the formation of pores in the fungal
cell wall, the disintegration of organelles and nucleic acids (Zhao
et al. 2013), the production of siderophores, lytic and oxidative
enzymes that reduce the phytopathogens growth in the rhizo-
sphere (Compant et al. 2010). The mechanism of action of
B. fortis and B. subtilis against Fusarium sp. in tomatoes was
investigated by Akram and Anjum (2011) which found an in-
crease in the concentration of phenylalanine ammonia-lyase,
polyphenol oxidase and peroxidase enzymes involved in system-
ic resistance. The use ofB. subtilis suspension in ginseng induced
the formation of periderm in wounds on roots challenged with
C. destructans (Jang et al. 2011). Similar results were obtained
by Gupta et al. (2000) using cell-free filtrate of B. subtilis strain
FZB-G that acted on signal transduction and activation of
defense-related genes in tomato plants.

Activation of defense mechanisms is the main effect of
rhizobacteria on plant disease suppression (Iniguez et al.
2005). Besides, chemical and structural modifications are in-
volved in the reduction of infection by pathogens such as
increased cell wall deposition, obstruction of intercellular
spaces and epidermal cells with osmotic compounds that hin-
der fungal colonization (Shafi et al. 2017). Thus, different
mechanisms of action of Bacillus spp. reduce the incidence
of phytopathogens.

In summary, B. subtilis F62 assisted in the plant growth of
cuttings and micropropagated plants and promoted in vitro
and in vivo biocontrol ofD. macrodidyma in micropropagated
plants of 1103P and SO4. It showed to be a potential bioagent
to be used in the vine propagation process, mainly in
micropropagated rootstocks, aiming at protection against
D. macrodidyma. Further studies should be carried out to
evaluate the induction of resistance in rootstocks and to un-
derstand the mechanisms of action in the biocontrol of the
black foot disease.
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