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A B S T R A C T

Aureobasidium pullulans strains L1 and L8 were used as an alternative strategy against Neofusicoccum parvum,
pathogen of apple wood and fruit. Both strains displayed a great ability to reduce pathogen conidia germination
of almost 50% and totally stop its sporification in wood of ‘Gala’ and ‘Fuji’ apple cultivars. In addition, by in vitro
tests the antagonistic activity displayed by non-volatile metabolites produced by both yeasts was highlighted by
70% of reduction of the pathogen mycelial growth. On apple fruit, the pathogen severity was reduced by 66%
and 50% in ‘Gala’, and 70% and 60% in ‘Fuji’ by L1 and L8 respectively. In wood, no statistical differences were
observed between L1, L8 and the control, except for ‘Fuji’ wood, where L8 strain displayed a wood lesion
reduction of 23% with respect to the untreated control. Infrared analysis showed how the presence of both
strains on woody tissues helped preserving cellulose content, preventing in this way the faster wood degradation
by the pathogen. In addition, L1 and L8 simply colonized the wood surface, probably displaying an endophytic
attitude, an essential requirement for controlling N. parvum in field.

1. Introduction

Neofusicoccum parvum is often associated with numerous woody
hosts worldwide (von Arx, 1987) and represents one of the principal
species with marked ability to cause diseases (Slippers and Wingfield,
2007; Sakalidis et al., 2013), principally on tree species such as
grapevine (Spagnolo et al., 2014; Úrbez-Torres, 2011), apple (Cloete
et al., 2011; Rooney-Latham and Soriano, 2016), peach (Thomidis
et al., 2011), and kiwifruit (Wu, 2017). The fungus was firstly identified
as Botryosphaeria parva, belonging to a complex of woody fungi also
able to infect fruits, such as apple (Delgado-Cerrone et al., 2016).
Moreover, the constant increase of temperatures has probably led to an
increase in the occurrence of N. parvum infection also in European re-
gions such as Italy (Prodorutti et al., 2012), causing significant market
apple fruit losses. In fact, climate changes can influence many ecosys-
tems, including orchards, so increasing the pathogen potential damage
(Slippers et al., 2013; Úrbez-Torres, 2011). Botriosphaeraceae diseases

control was consistently focused on the use of different synthetic fun-
gicides such as benomyl and tebuconazole (Bester et al., 2007), but
different studies showed a decrease in efficiency in time after treatment.
For this, the progressive use of fungicides for plant pathogens control
requires regular monitoring of pathogen populations for resistance.
Alternative strategies such as the use of antagonistic microorganisms
offer the potential to provide sustainable and long-term protection of
crops (Kotze et al., 2011). The application of biological control agents
(BCAs) is considered a safe and environmentally friendly alternative
(Zhang et al., 2010) and could represent an alternative method to
control N. parvum disease. In fact, recent studies showed how BCAs such
as Burkholderia sp, Trichoderma harzianum, and Bacillus subtilis (Wu,
2017; Kotze et al., 2011; Alfonzo et al., 2009) were used for increasing
resistance in host plants, and for directly compete against the target
pathogen since proven to be able to be involved in complex interaction
systems between host, pathogen, and environment (Oliveira et al.,
2016).
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Among recent studies about BCAs, Aureobasidium pullulans mole-
cularly characterized by Di Francesco et al., (2018a) showed a high
efficacy principally against fruit postharvest pathogens (Zhang et al.,
2010; Di Francesco et al., 2017, 2018a). In the present study, both
strains were tested against N. parvum of apple wood and fruit as an
alternative method to fungicides.

The objectives of this study were to evaluate the efficacy of L1 and
L8 A. pullulans strains against N. parvum through in vitro assays for
verifying the effect of volatile and non-volatile metabolites produced by
the two strains on the target pathogen growth and the antagonistic
effect on pathogen conidia germination, and through in vivo assays
detecting the efficacy of both antagonistic strains against the pathogen
in apple wood and fruit. In particular, the effects of fungal attack on the
main chemical components of apple wood (i.e. cellulose, hemicellulose
and lignin) were evaluated by using infrared (IR)spectroscopy analysis,
a technique that has already proved to be useful to monitor analogous
transformations (Pandey and Nagveni, 2007; Ozgenc et al., 2018; Beck
et al., 2018; Lucejko et al., 2018). Moreover, the same spectroscopic
technique has been applied in order to distinguish the different yeasts
glucans in polysaccharide matrices of various origin (Synytsya and
Novak, 2014). As a matter of fact, A. pullulans produces both pullulan:
α-glucan that may act as a protective agent on cell membranes and β-
glucans that can elicit cells’ response to fungal attack (Bozoudi and
Tsaltas, 2018). This paper describes the first application of IR spectro-
scopy to monitor the antagonistic effect on fungal wood decay in fruit
trees.

2. Material and method

2.1. Antagonists

Aureobasidium pullulans strains L1 and L8 molecularly characterized
by Di Francesco et al., (2018a) were maintained on nutrient yeast
dextrose agar (NYDA) consisting of nutrient broth: 8 g; yeast extract:
5 g; dextrose: 10 g and technical agar: 15 g (Oxoid, Basingstoke, UK) in
1 L of distilled water and stored at 4 °C until use. Two days before the
experiments, each antagonist was grown on NYDA at 25 °C, and yeast
cells were collected in sterile distilled water containing 0.05% (v/v) of
Tween80 (Sigma-Aldrich, St. Louis, MO, USA) then adjusted to a final
concentration of 108 cell mL−1.

2.2. Pathogen

Neofusicoccum parvum (strain NP1) was isolated from cankers of
internal wood necrosis of ‘Gala’ apple tree located in the experimental
orchards of the State University of Mid-Western of Paraná (Brazil) and
molecularly identified by sequencing of ribosomal DNA ITS regions
analysis.

For in vitro experiments, N. parvum was grown on Malt Extract Agar
(MEA, 50 g per 1000mL of distilled water) (Sigma, St. Louis, MO, USA)
in Petri dishes incubated at 25 °C ± 1 °C with 12-h dark: 12-h light
cycles for 8 d and maintained at 4 °C until use. For the in vivo experi-
ments, conidial suspensions were prepared by washing N. parvum
pycnidia grown on ‘Gala’ twigs for 12 d. Conidia were collected in
sterile distilled water containing 0.05% (v/v) of Tween 80 (Sigma-
Aldrich, St. Louis, MO, USA) then adjusted to a final concentration of
105 cell mL−1 with hemocytometer.

2.3. Plant material: apple twigs and fruits

Twigs (50 cm long) were collected from ‘Fuji’ and ‘Gala’ apple trees
of an experimental orchard located in Cadriano (Bologna, Italy), stored
at 5 °C, and used within 5 d of collection. ‘Fuji’ and ‘Gala’ apple fruits
(Malus domestica L. Borkh) were obtained from the same above-men-
tioned experimental orchards. Harvested fruits, homogeneous in size,
were stored at 0 °C and used for experiments within 5 d after harvest.

2.4. Effect of L1 and L8 strains on Neofusicoccum parvum conidia
germination

The antifungal activity assay was performed on a microscope slide;
aliquots of 25 µL of N. parvum 105 conidia mL−1 were added to the same
aliquots of yeasts (108 cells mL−1) suspensions. Slides were introduced
in a sterile Petri dish and the dish was immediately sealed with a layer
of Parafilm (Pechiney Plastic Packaging, USA) to maintain high hu-
midity. After 9 h of incubation at 25 °C, the slide was observed through
a microscope (Nikon Eclipse TE2000-E) and the conidia germination
(30 conidia per microscopic field) of each sample were determined. An
aliquot of 25 µL of distilled water was considered as the control. For
each treatment, three microscope slides (replicates) were observed. The
experiment was repeated twice.

2.5. Antagonistic effect of volatile and non-volatile metabolites

The effects of L1 and L8 strains volatile and non-volatile metabolites
on N. parvummycelial growth were investigated by in vitro experiments.

The effect of volatile metabolites on pathogen colony growth was
determined as described by Di Francesco et al., (2015). For this pur-
pose, NYDA plates were inoculated by spreading 100 μL of A. pullulans
cell suspension (108 cell mL−1) of L1 and L8, respectively. The lid of the
plate was replaced, after 48 h of incubation at 25 °C, by a base plate of
MEA inoculated with 5mm pathogen mycelial plug. The two base
plates were sealed immediately with a double layer of Parafilm and
incubated at 25 °C for 5 d. Plates inoculated with the pathogen only
represented the control. Ten plates for each strain and control were
used.

The action of L1 and L8 non-volatile metabolites on pathogen
colony growth was determined according to Lundberg and Unestan
(1980), and Dennis and Webster (1971) methods. Plugs (5 mm dia-
meter) of each yeast strain cultured for 48 h in NYDA were grown on a
sterile cellophane disc (Courtauld Films: 90mm thick) laying on MEA
Petri dishes for 48 h at 25 °C; the cellophane with the colony was then
removed and, in the same position where the BCAs were grown, a
mycelial plug 5mm diameter of N. parvum was inoculated. A NYDA
plug without antagonist positioned on cellophane represented the
control. Ten plates for each antagonist and control were used. Each
experiment was repeated twice.

2.6. In vivo experiments: apple wood and fruit

Apple twigs, disinfected with 70% alcohol and air-dried were cut
using a sterile blade on intermediate internodes. Superficial wounds
were inoculated with 50 μL of A. pullulans L1 and L8 (108 cell mL−1)
suspensions and subsequently air-dried for 24 h. A mycelium agar plug
(4mm) from 8 d-old fungal colony was placed in the wound and
wrapped with sterile cotton wetted by 5mL of sterile water and sud-
denly covered with Parafilm. Twigs were soaked in 200mL of sterile
water and incubated at room temperature. Negative control was con-
stituted by twigs treated with sterile water and after inoculated with
pathogen mycelium plug. Fifteen twigs for each antagonist and control
of both cultivars were used. The lesions were evaluated after 12 d of
inoculation and measured by the software ImageJ 1.x (Wisconsin,
USA). Apple fruits were sterilized in sodium hypochlorite solution (1%),
washed with tap water, air-dried and inoculated through artificial
wounds by a sterile nail (3× 3×3mm) on the equator (one wound per
fruit) with 20 μL of antagonists suspensions (108 cell mL−1 respectively
for L1 and L8). After 1 h, 20 μL of N. parvum suspension
(105 conidia mL−1) were inoculated in treated fruit wound. The control
consisted of fruits inoculated with sterile water. The apples were kept at
20 °C and 90% of relative humidity (RH). The lesion diameters were
measured after 5 d from the inoculation. Fifteen apples for each an-
tagonist and control of both cultivars were used. Each experiment was
repeated twice.
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2.7. Wood IR/ATR spectroscopy

‘Fuji’ and ‘Gala’ twigs were inoculated with 50 μL of A. pullulans L1
and L8 (108 cell mL−1) suspensions and subsequently air-dried for 24 h.
A mycelium agar plug (4mm) from an 8 d-old fungal colony was placed
in the wound and wrapped with sterile cotton wetted by 5mL of sterile
water and suddenly covered with Parafilm. Twigs were soaked in
200mL of sterile water and incubated at room temperature. Negative
control was constituted by twigs treated with sterile water and after
inoculated with pathogen mycelium plug. After 12 d, portions of decay
tissues from fifteen twigs for each antagonist and control of both cul-
tivars were examined by IR spectroscopy. IR spectra were recorded with
a Bruker ALPHA series FT-IR spectrophotometer (Bruker, Ettlingen,
Germany) equipped with a crystal diamond cell for attenuated total
reflectance (ATR). The ATR configuration was chosen in order to pre-
serve samples integrity and to focus the analysis on the surface of apple
wood; in fact, the penetration depth of the IR radiation in the ATR mode
in cellulosic materials was estimated to be in the range 2–3 μm
(Rampazzo and Di Foggia, 2018). The spectra were collected from 4000
to 400 cm−1 and averaged over 100 scans (resolution=4 cm−1 on five
different wood samples for each yeast strain).

2.8. Statistical analysis

All experiments were carried out in a completely randomized de-
sign. Obtained data were analyzed by one-way ANOVA (P < 0.05).
Separation of means was performed using the least significant differ-
ence (LDS) test, at P < 0.05. All analyses were performed with the
software Statgraphic Plus Version 2.1 (Statistical Graphics Corp., USA
1996).

3. Results

3.1. Effect of L1 and L8 strains on Neofusicoccum parvum conidia
germination and mycelial growth

The antagonistic activity of both yeast strains was tested on N.
parvum conidia and their efficacy for germination inhibition evaluated,
showing that L1 and L8 A. pullulans strains reduced N. parvum conidia
germination of 48.5% and 52.9% respectively (Table 1).

The activity of both volatile and non-volatile metabolites produced
by L1 and L8 on N. parvum mycelial growth was then analyzed through
double Petri dishes assay. With respect to volatile metabolites both L1
and L8 strain did not significantly reduce the pathogen colony growth
compared to control. Conversely, in non-volatile metabolites interac-
tion experiment, both L1 and L8 strains significantly reduced the pa-
thogen colony growth (69.2%) with respect to the control without a
substantial difference between two antagonists (Table 1).

3.2. In vivo experiments

The antagonistic effect of A. pullulans strains was assayed against N.
parvum on ‘Gala’ and ‘Fuji’ wood and fruit. At 12 d from the pathogen
inoculation in ‘Gala’ apple wood, no statistical differences were ob-
served between wood treated with either strain or the control wood
(Fig. 1). On the contrary, in ‘Fuji’ wood, L8 strain was capable of in-
hibitory activity against N. parvum, displaying a wood lesion reduction
of 23% with respect to the untreated control, whereas no inhibitory
activity was detected in L1-treated wood compared to control (Fig. 1).
Despite this, after 12 d from the fungal inoculation, both strains pre-
vented pathogen sporification on apple wood of both cvs (data not
shown).

The susceptibility of ‘Gala’ and ‘Fuji’ apple fruit to N. parvum,
measured as lesion diameter (mm), was significantly different, with
‘Gala’ as the most susceptible fruit (Fig. 2). Here, both L1 and L8 strains
inhibited the pathogen growth by 66% and 50% in ‘Gala’ apples, and by
70% and 60% in ‘Fuji’, respectively (Fig. 2).

3.3. IR/ATR spectroscopy

The spectroscopic measurements by means of IR/ATR technique
were carried out to determine the extent of structural changes in the
spectra of apple wood specimens exposed to fungal attack in compar-
ison to the spectra of specimens where the antagonistic effect of A.

Table 1
Effect of Aureobasidium pullulans L1 and L8 strains on Neofusicoccum parvum
conidia germination (%) after 9 h of co-culturing and on pathogen colony
growth (mm) exposed to antagonists volatile and non-volatile metabolites for
5 days. Data are the means of three independent experiments ± standard de-
viation, each consisting of three replicates per treatment. Different letters
within the same column indicate significant differences, LSD test (P < 0.05).

Experiments

Conidia germination
(%)

Volatile
metabolites

Non-volatile
metabolites

Control 68 ± 5.89b 60 ± 5.20a 65 ± 8.21b
L1 35 ± 3.49a 59 ± 9.54a 20 ± 4.80a
L8 32 ± 2.89a 61 ± 9.28a 23 ± 1.90a
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Fig. 1. Wood area lesions (mm2) measured on ‘Gala’ and ‘Fuji’ twigs after
12 days after antagonists (L1 and L8) and Neofusicoccum parvum inoculation.
Data are the means of two independent experiments ± standard deviation,
each consisting of fifteen replicates per treatment. Different letters within the
same cultivar indicate significant differences, LSD test (P < 0.05).
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Fig. 2. Fruit diameter lesions (mm) measured on ‘Gala’ and ‘Fuji’ apple fruit
after 5 days, previously wounded and treated with antagonists L1 and L8 strains
(20 µL) and Neofusicoccum parvum (20 µL). Data are the means of two in-
dependent experiments ± standard deviation, each consisting of fifteen re-
plicates per treatment. Different letters within the same cultivar indicate sig-
nificant differences, LSD test (P < 0.05).
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pullulans could show variations on the main components of apple wood,
i.e. cellulose, hemicellulose and lignin (Supplemental Fig. S1). More-
over, spectra were used to estimate the relative content of branched
(1→ 3)(1→ 6)-β-D-glucan and linear (1→ 3)-α-D-glucan, produced by
A. pullulans (Synytsya and Novak, 2014). The assignment of the dif-
ferent IR peaks is described in Table 2 together with the IR intensity
ratios that were used in order to quantitatively estimate the above-
mentioned effects: the results are summarized in Table 3. The IR peak
attributed to the aromatic skeletal vibration (ν C]C) of lignin (I1510)
was chosen as an internal standard since the lignin content is the least
affected by fungal degradation (Ozgenc et al., 2018).

In ‘Fuji’ apple wood the effects of L8 strain were statistically dif-
ferent from those induced by L1 strain (and from control samples) for
the IR ratios involving lignin and cellulose (I1510/I1430 and I1510/I1370):
in both cases, the L8 strain induced a decrease in the ratio indicating a
preserving effect on the cellulose component, while L1 was found not to
be different from the control samples. Both strains showed to be less
effective on the hemicellulose fraction, since both the I1510/I1730 and
the I897/I1730 ratios were not significantly affected by the presence of L1
or L8 strain. Moreover, both strains were found to increase the relative
content of β-glucans secreted by A. pullulans (Table 3).

In ‘Gala’ apple wood, the effects of L1 and L8 strain on the de-
gradation of the different wood component were statistically different
from the control for almost all the calculated ratios (Table 3). In par-
ticular, all the ratios between lignin and the carbohydrates component
(I1510/I1730: lignin/hemicellulose; I1510/I1430: lignin/cellulose; I1510/
I1370: lignin/carbohydrates) decreased, indicating a high activity on
preventing cellulose and hemicellulose degradation. Moreover, the
ratio between cellulose and hemicellulose (I897/I1730) was find to be
higher than in control samples (and statistically significant for the L1
strain), indicating an inhibition in cellulose degradation induced by the
presence of yeasts. Despite the above-mention activity of both strains in
preserving the cellulosic component from degradation, no clear effects
were detected on cellulose crystallinity (I1370/I2900 ratio). Contrarily to
what observed in ‘Fuji’ wood, no statistically significant effect was
detected by ATR/IR spectroscopy on the α/β glucans ratio.

4. Discussion

Usually, control of Botriosphaeraceae diseases relies on the use of
different synthetic fungicides such as benomyl and tebuconazole (Bester
et al., 2007). The present study shows the potential of A. pullulans as
BCA of the apple wood and fruit disease pathogen N. parvum.

Beside N. parvum, this family includes other emerging pathogens of
fruit crops, as for example Botryosphaeria spp., recently reported to
cause severe losses for apple production in the Italian region of Trentino
Alto Adige, Italy (Prodorutti et al., 2012). These pathogens are probably
going to increase their virulence under predicted climate change events,
and represent a real risk of new epidemics in several geographical re-
gions. Previously, L1 and L8 strains were tested against apple fungal
pathogens, mainly associated to postharvest phase, such as Botrytis ci-
nerea, Colletotrichum acutatum, and Penicillium expansum (Di Francesco
et al., 2015), showing a great ability to control fungal diseases. Here,
we show that both strains have the ability to exert the epiphyte and
endophyte attitude (Schena et al., 1999), considering the antagonistic
effect exerted on fruit and wood and the N. parvum pathogenic attitude.

Also, our in vitro assay showed the capability of A. pullulans L1 and
L8 strains to reduce the fungal conidia germination probably due to the
mechanism of action of competition for nutrients, as previously de-
monstrated against M. laxa and B. cinerea, where both strains competed
against the target pathogens for the main fruits amino acids displaying
a great ability to reduce fungal conidia/mycelia growth (Di Francesco
et al., 2017, 2018b).

In addition, in vitro experiments were conducted to screen the effi-
cacy of secondary metabolites such as volatile and non-volatile com-
pounds against N. parvum pathogenicity.

The activity of both strains was demonstrated through in vitro tests
and the inhibitory capacity of both strains against the target pathogen
resulted not displayed through the secretion of volatile organic com-
pounds (VOCs), but by the production of other metabolites such as non-
volatile, showing a reduction of 69.2% of the N. parvum colony growth.
This is contrary to previously results obtained using L1 and L8 strains
against other fungal pathogens (Di Francesco et al., 2015), supporting
the hypothesis that these biocontrol agents act with different mechan-
isms on different target pathogens.

In in vivo experiments on wood, only L8 strain, applied 24 h before
pathogen inoculation, was capable of partial disease reduction in ‘Fuji’
wood. However, ‘Gala’ cultivar, both wood and fruit, was the more
susceptible to N. parvum. It is known that the main commercial apple
cultivars have different susceptibility to pathogens, and Spotts et al.
(1999) already reported that ‘Fuji’ and ‘Granny Smith’ apple fruit were
the most resistant varieties to fungal pathogens with respect to ‘Gala’
and ‘Golden Delicious’.

IR spectroscopy was applied to investigate both the effects of fungal
degradation on wood by examining the relative content of lignin,
hemicelluloses, and cellulose (by using the bands intensity ratios

Table 2
Main IR bands investigated to assess the effects of fungal attack on apple wood.

IR band/cm−1 Attribution (Tomak et al., 2013) IR intensity ratio Attribution

2900 ν C–H (cellulose+hemicellulose) I1370/I2900 Crystallinity index of cellulose
1730 ν C]O (hemicellulose) I897/I1730 Cellulose/hemicellulose ratio
1510 ν C]C (lignin) I1510/I1370 Lignin/(cellulose+hemicellulose) ratio
1430 δ C–H2 (cellulose) I1510/I1430 Lignin/cellulose ratio
1370 δ C–H (cellulose I and II+ hemicellulose) I1510/I1730 Lignin/hemicellulose ratio
897 δ C–H+ ν C–C (cellulose) I1160/I1023 β-glucans/α-glucans ratio

Table 3
Diagnostic IR intensity ratios. Different letters indicates a significant difference between treatments using the LDS statistical test (P < 0.05, n= 5).

I1370/I2900 I897/I1730 I1510/I1370 I1510/I1430 I1510/I1730 I1160/I1023

Fuji control 1.44 ± 0.15 ns 2.46 ± 0.18 ns 0.93 ± 0.04a 0.93 ± 0.05a 2.00 ± 0.18 ns 0.153 ± 0.005b
Fuji L1 1.47 ± 0.13 ns 2.56 ± 0.10 ns 0.90 ± 0.03a 0.93 ± 0.03a 2.09 ± 0.16 ns 0.169 ± 0.015ab
Fuji L8 1.38 ± 0.10 ns 2.65 ± 0.19 ns 0.83 ± 0.03b 0.81 ± 0.05b 1.78 ± 0.18 ns 0.183 ± 0.014a

Gala control 1.55 ± 0.09 ns 2.24 ± 0.15b 0.96 ± 0.05a 1.00 ± 0.07a 2.13 ± 0.14a 0.149 ± 0.016 ns
Gala L1 1.62 ± 0.14 ns 2.68 ± 0.15a 0.85 ± 0.03b 0.90 ± 0.03b 1.81 ± 0.16b 0.154 ± 0.022 ns
Gala L8 1.47 ± 0.09 ns 2.41 ± 0.11b 0.86 ± 0.03b 0.89 ± 0.03b 1.69 ± 0.20b 0.162 ± 0.011 ns

ns= not statistically significant.
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showed in Table 2) and the possible presence of non-volatile com-
pounds secreted by A. pullulans, such as phenolic compounds and α and
β-glucans, that could act as a chemical and physical barrier to fungal
attack (Synytsya and Novak, 2014). It must be recalled that all the
analyzed intensity ratios allow to estimate the relative content of the
different chemical components, while the quantification of the different
substances can be obtained with different analytical techniques such as
chromatography (Synytsya and Novak, 2014). However, spectroscopic
characterization is faster and does not require any sample treatment.

Interestingly, after 12 d from the pathogen artificial inoculation in
wood, both A. pullulans strains displayed the capability to inhibit N.
parvum to produce pycnidia probably due to their high influence on the
degradation of the carbohydrates fraction of wood (cellulose and
hemicellulose), as confirmed by the IR intensity ratios involving car-
bohydrates (i.e. I1510/I1370, I1510/I1430 and I1510/I1730) that decreased in
the presence of L1 and L8. The selected IR intensity ratios has been
previously used in order to measure the wood decay induced by several
fungal attack (Ozgenc et al., 2018; Beck et al., 2018; Lucejko et al.,
2018; Pandey and Nagveni, 2007). In fact, the presence of lignin and
hemicellulose can be a barrier to the hydrolytic attack by fungi to the
cellulose fraction (Wang et al., 2013), therefore the calculated IR ratios
can give more insight into the mechanism of wood degradation by N.
parvum. The yeasts had a different outcome on the two apple cultivars:
in ‘Fuji’ L8 strain effects were statistically different from control sam-
ples while L1 was not; in ‘Gala’ both strains proved to be effective in
preserving cellulose from degradation. Tomak et al. (2013) reported an
increase of the I1510/I1370 ratio on bamboo wood exposed to brown-rot
fungal attack attributed both to the degradation of the cellulosic frac-
tion of wood and to a partial increase of lignin peaks in decayed wood
due to oxidative reactions induced by reactive oxygen species. More-
over, the I897/I1730 intensity ratio was found to generally increase in
presence of both strains, even if it resulted significant only for the L1
strain on ‘Gala’ wood (Table 3), indicating an increase in cellulose
content in wood in comparison to hemicellulose, which might be de-
graded faster than cellulose by fungal attack (Tomak et al., 2013). As a
matter of fact, hemicellulose has a random and less order structure
compared to cellulose, therefore it can be more easily attacked by the
enzymatic hydrolysis reactions induced by fungi (Wang et al., 2013).
Another factor affecting the extent of wood decay is the crystalline
index of cellulose: this polymer can form both crystalline and amor-
phous domains that possess a different kinetic towards enzymatic hy-
drolysis, since amorphous domains are degraded faster compared to
crystalline ones (Lucejko et al., 2018). The reported spectroscopic re-
sults cannot clearly put in correlation the antagonistic effect of both
strain with the variation of cellulose crystallinity (I1370/I2900, Table 3),
probably indicating that wood decay in presence of N. parvum involves
both crystalline and amorphous domains of cellulose at similar rates.
On the contrary, Lucejko et al. (2018) reported an increase in cellulose
crystallinity following to fungal attack in consequence to a preferential
metabolization of amorphous cellulose.

Together with the characterization of the chemical modifications
induced on wood, IR spectroscopy allowed to study the relative content
of glucans secreted by A. pullulans: the I1160/I1023, expresses the ratio
between β and α glucans secreted by the yeast: L8 strain showed a
significative increase of this ratio with respect to the control in ‘Fuji’
apple wood only, indicated an increased production of β-glucans, that
were reported to exhibit an immune stimulatory activity (Bozoudi and
Tsaltas, 2018) and that could have supported the competition of A.
pullulans against the activity of N. parvum. Unfortunately, due to the
nature of the matrix (i.e. wood) it was not possible to gain insight into
phenolics content, identified by typical IR bands (Heneczkowski et al.,
2001) that, unfortunately, overlap with stronger bands arising from the
vibration of the functional groups present in wood components, in
particular lignin (Heneczkowski et al., 2001). As far as the in vivo assay
on fruits, results partially confirmed the above-mentioned observation:
‘Gala’ confirmed to be the most susceptible of tested cultivars, but

conversely both L1 and L8 strains inhibited the pathogen growth
showing a high efficacy (on average 60%). It is well known that BCAs
can control diseases by a combination of different mechanisms of ac-
tion, and their effectiveness is always related to the pathogen-host in-
teractions. Taken together, our data demonstrate that A. pullulans L1
and L8 strains exerted efficacy against N. parvum through different
modes of action, especially through antibiosis by the production of non-
volatile secondary metabolites. Moreover, both strains were able to
colonize the wood surface, an essential requirement for biocontrol ac-
tivity of N. parvum in field. More investigations are required to verify a
possible L1 and L8 endophytic attitude, thus providing an alternative
supplement to environmental-friendly disease management. The pre-
sent study shows that application of L1 and L8 A. pullulans strains could
play an essential role in the biological control of N. parvum of apple or a
good conjunction system with other organic control tactics.

More investigations are necessary to understand the exact con-
tribute of both strains in the control of the tested fungal pathogen, such
as the non-volatile compounds characterization, in order to improve
their efficacy especially with regard to the study of their mechanisms of
action and possible application.
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Abstract Due to climate change, Neofusicoccum
parvum is currently emerging as a new pathogen of
Rosaceae plant species. This increases the need of
gaining knowledge on the pathogenicity of this fun-
gus, particularly on apple cultivars of considerable
economic importance. In this study, the virulence
and temperature dependence of N. parvum isolates
was assayed on ‘Gala’ and ‘Fuji’ apple fruit and
wood. At 25 °C and 30 °C, ‘Gala’ fruits showed a
higher susceptibility to all fungal strains than ‘Fuji’,
whereas low infection severity was shown at 15 °C

and 20 °C on both cultivars. Infrared spectroscopy
revealed that ‘Fuji’ fruit tissues displayed a higher
content of phenolic compounds and pectin esterifi-
cation degree, as factors possibly correlated with
fruit susceptibility. When strain virulence was
assayed on wood, no significant difference in sus-
ceptibility was detected, as also shown by SEM
analysis. The virulence of N. parvum was also tested
by assaying the activity of lytic enzymes such as
c e l l u l a s e , p o l y g a l a c t u r o n a s e ,
polymethylgalacturonase, and xylanase.
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Introduction

Botryosphaeriaceae (Theiss & P. Syd.) are cosmopoli-
tan fungal species pathogens of a broad range of both
annual and perennial plant hosts (Slippers and
Wingfield 2007). The taxonomy of Botryosphaeriaceae
is complex and distinction of members based on mor-
phological aspects is very difficult due to the high
similarity among species (e.g. Botryosphaeria (Ces. &
De Not.)) and Neofusicoccum (Crous, Slippers and Phil-
lips) species produce very similar conidia (Phillips et al.
2013). For this reason, molecular analyses are often
required for species identification (Slippers et al.
2013). On the other hand, pathogens belonging to this
family can grow fast on fruit crops, causing significant
economic losses worldwide (Coakley et al. 1999).
Among Botryosphaeriaceae species reported to be path-
ogenic in fruit crops, Neofusicoccum parvum is one of
the common species, in warmer geographical areas
(Úrbez-Torres 2011; Sakalidis et al. 2013). Some years
ago, Sakalidis et al. (2013) confirmed the widespread
diffusion of N. parvum showing its virulence on about
90 plant hosts worldwide. Generally, N. parvum is re-
ported as the causal agent of grapevine dieback (Úrbez-
Torres 2011; Taylor et al. 2005; Luque et al. 2009;
Spagnolo et al. 2014) causing plant losses up to 50%
(Bertsch et al. 2013). In particular, N. parvum symptoms
are associated with orange/brown stripes located in the
longitudinal direction in the outer xylem of wood plants.
These symptoms are often associated with the foliar
symptoms (Mugnai et al. 1999) suggesting that the
pathogen is capable of producing phytotoxic metabo-
lites which can migrate systemically into the host plant.
Botryosphaeriaceae can cause severe symptoms also in
apple fruit consisting of a soft light-colored rot called
“white rot” (Khon and Hendrix 1983). In Brazil,
N. parvum is recognized as an emerging pathogen for
apple crops, raising concerns about protection strategies
(Melzer and Berton 1986; Hansen et al. 2007). Never-
theless, its ecological role in plant communities is poorly
studied (Slippers et al. 2007).

In order to gain knowledge on the infection mecha-
nism of this fungus in apple tree and fruit we set out to
study the virulence of fiveN. parvumBrazilian strains at

different temperatures and on different cultivars by
in vitro and in vivo assays respectively. Scanning Elec-
tron Microscopy (SEM) was performed on apple twigs
artificially infected with the pathogen in order to assess
the infection timings. The activities of major lytic en-
zymes were quantified by in vitro agar plate assays and
infrared spectroscopy analysis of infected apples was
performed to detect metabolic profiles likely associated
with cultivar susceptibility.

Materials and methods

Pathogen

After field observations,N. parvum strains were isolated
from cankers of internal wood necrosis of ‘Gala’ apple
trees, located in different experimental orchards of the
State University of Mid-Western of Paraná (Brazil)
(Supplemental Fig. 1). Wood necrotic parts were inocu-
lated on Potato Dextrose Agar (PDA, 39 g L−1 of
distilled water) (Sigma, St. Louis, MO, USA) at 25 °C
for 5 d. Then, fungi were morphologically selected,
purified and grown on Malt Extract Agar plates
(MEA, 50 g L−1 of distilled water) (Sigma, St. Louis,
MO, USA). From each experimental orchard, three pure
cultures were isolated.

The strains NP1, NP2, NP3, NP4, and NP5 were
selected for their high virulence on apple fruit and
identified by morphological analysis and sequencing
of ribosomal DNA ITS regions. PCR was performed
using universal primers ITS1 (GCCGTAGGTGAACC
TGCGG) and ITS4 (GCCTCCGCTT ATTGATATGC)
directly from mycelia in pure culture, using the protocol
described by Iotti and Zambonelli (2006). PCR reac-
tions were conducted in 50 μL volume reactions con-
taining 10 mM TrisHCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2, 150 μM of each dNTP, 300 μM of each primer,
and 1.5 U of TaKaRa Taq DNA polymerase (Takara,
Otsu, Japan). Twenty micrograms of Bovine Serum
Albumin (BSA) (Fermentas, Vilnius, Lithuania) were
added to the reaction tubes containing the mycelial
fragments before adding the other PCR reagents. The
amplification reactions were carried out in a T gradient
thermal cycler (Biometra, Gottingen, Germany) with an
initial denaturation at 95 °C for 6 min followed by
30 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for
1 min and a final step of 72 °C for 10min. PCR products
were run on 1% agarose gels, stained with ethidium
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bromide and visualized under UV light. The amplified
DNA was purified by Nucleospin Extracts II Kit
(Macherey–Nagel, Germany) and finally sequenced by
Eurofins Genomics (Luxemburg). The ITS sequences
were compared to those of the GenBank database
(http://www.ncbi.nlm.nih.gov/BLAST/) using the
BLASTN search.

Culture substrates

NP1, NP2, NP3, NP4, and NP5 strains were grown on
MEA, Apple Agar (AA, 15 g agar technical and 250 mL
of a commercial apple juice per 1000 mL of distilled
water), PDA in Petri dishes (90 mm) with/without four
autoclaved woody sticks (70 mm) (Supplemental Fig. 2)
and incubated at 25 °C with 12-h dark and 12-h light
cycles for 8 d, to verify the most suitable condition for
conidia production. For each medium, 10 plates were
considered as replicates.

Wood and fruit

Hardwood twigs of one year old (50 cm) were collected
from ‘Fuji’ and ‘Gala’ plants of Bologna University
experimental fields located in Cadriano (Bologna, Italy)
in February 2018, stored at 5 °C and used for experiments
within 5 d from collection. ‘Fuji’ and ‘Gala’ apples
(Malus domestica L. Borkh) were obtained from an
orchard located in Sala Bolognese (Bologna, Italy). Har-
vested fruits were stored at 0 °C and used for experiments
within 5 d after harvest. Fruits were wounded by a sterile
nail (3 × 3 × 3 mm) on the equator (one wound per fruit).

In vivo experiment: virulence in wood

One hundred and fifty twigs of ‘Gala’ and ‘Fuji’ apples
were cut into 30 cm long segments, rinsed with tap
water, surface disinfected with 70% alcohol and air
dried. Three wounds were made between buds position
on each twig using a sterile blade and a mycelium agar
plug (4 mm in diameter) from a 8 d-old colony of each
strain was placed in the wound and wrapped with sterile
cotton wetted by 5 mL of sterile water and covered with
Parafilm® (Pechiney Plastic Packaging, USA) (Fig. 1
a). For each apple cultivar, 15 twigs were inoculated
with the above mentioned five fungal strains. Negative
control was constituted by no inoculated twigs. Twigs
were soaked in 200 mL of sterile water in upright
position and incubated at room temperature (20 °C),

with 12-h dark and 12-h light at 60% of relative humid-
ity (RH). The lesions were evaluated 12 d after the
inoculation and measured by the software ImageJ 1.x
(Wisconsin, USA) (Schneider et al. 2012). Conidia from
inoculated twigs of both apple cultivars were collected
with 2 mL of distilled water and counted through a
microscope (Nikon Eclipse TE2000-E). The experiment
was repeated twice.

Scanning Electron Microscope observation in wood

The virulence of N. parvum strain NP1 on wood was
investigated with SEM observations of inoculated ‘Ga-
la’ and ‘Fuji’ twigs as previously described. The control
twigs were not inoculated. The SEM observations were
carried out 3, 6, and 12 d after the twig inoculations. A
little portion of tissue (3 × 3 × 3 mm), corresponding to
the inoculated wound, was excised from treated twigs
and observed under SEM (Zeiss DSM 962 microscope
at 30 kV). Three samples from each twig were fixed in a
phosphate buffer (pH 7.4) containing glutaraldehyde
(3%). Before observation, the fixed tissues were rinsed
three times with phosphate buffer (pH 7.4), dried by
washing with increasing concentrations of ethanol,
stuck on aluminium stubs, and coated with gold palla-
dium (Di Francesco et al. 2017). Nine samples derived
from three twigs of the same cv were examined for each
sampling time (for a total of 54 samples).

In vivo experiment: virulence in apple fruit

Fungal virulence displayed by the isolate NP1 was also
tested on apple fruit and the influence of different tem-
peratures was assayed to evaluate the effect on the strain
virulence on apples measured as lesion diameter.

‘Gala’ and ‘Fuji’ fruits were inoculated with
N. parvum NP1 conidia suspensions (1 × 104 conidia
mL−1). Conidial suspensions were prepared by washing
N. parvum pycnidia, artificially inoculated on ‘Gala’
and ‘Fuji’ apple twigs, with sterile distilled water con-
taining 0.05% (v/v) Tween 80, quantified with a hemo-
cytometer and diluted to the required concentration.

Each fruit was wounded with a sterile needle and
inoculated with 20 μL of a pathogen suspension. The
control consisted of inoculated fruit with sterile water.
Apples were kept at 15 °C, 20 °C, 25 °C and 30 °C at
90–95% RH. The lesion diameters were measured after
7 d from the inoculation. The experiment was conducted
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with 15 fruits per temperature and cultivar and was
repeated twice (for a total of 480 fruits).

Neofusicoccum parvum pathogenesis enzyme activity

Cellulase (endo-1,4-β-glucanase), pectic enzyme
(polygalacturonase and polymethylgalacturonase) and
xylanase enzyme activities ofN. parvumwere evaluated
3, 9, 24, and 48 h after inoculation.

Assays were performed in Petri dishes containing
modified agar medium (Di Francesco et al. 2018). Three
mycelium plugs (4 mm) from 8 d-old fungal colony
were placed equidistant in the medium. Control plates
for each enzyme-pathogen combination were inoculated
with MEA plugs without mycelium. After incubation at
25 °C, enzymes activities were determined with specific
colorimetric methods visualizing a clear zone of sub-
strate degradation around the mycelium plugs. The di-
ameter of degradation halos (mm) was measured with a
ruler. For each incubation time for pathogen and control,
four plates (replicates) were considered.

For cellulase activity, the agar medium consisted in
PYE (peptone: 0.5 g; yeast extract: 0.1 g; agar: 16 g L−1)
supplemented with 0.5% Na-carboxymethylcellulose
(Sigma-Aldrich, St. Louis, MO, USA) (Mugnai et al.
1997). The halo produced by endo-1,4-β-glucanase ac-
tivity of each fungus was visualized by staining plates
with a 0.2% Congo red water solution for 15 min, then
discolored with NaCl 1 M. Polygalacturonase activity

was determined through the Eriksson and Pettersson
culture medium (Eriksson and Petterson 1975) enriched
with the sodium salt of polygalacturonic acid (Sigma-
Aldrich) from citrus fruit (0.5%) and agarized with low
calcium Oxoid No. 1 agar (2%, Oxoid, Basingstoke,
UK). The medium was sterilized following the proce-
dure of Ayers et al. (1966) and then the pH was adjusted
to 5 and 8 respectively by adding NaOH 1 M.
Polymethylgalacturonase activity was determined
through the above cited culture medium enriched with
Sigma citrus pectin (0.5%) and agarized with calcium-
rich Oxoid No. 3 agar (2%). The growth media was
sterilized following the procedure of Durrands and
Cooper (1988) and the pH was adjusted to 8 by adding
HCl 1M. The halo produced by pectic enzyme activities
was visualized by 1% cetylmethyl ammonium bromide
(CTAB) dissolved in distilled water, heated to 30 °C.
For the xylanase assay, the medium contained 0.5%
beech wood xylan (Sigma-Aldrich) in a minimal medi-
um consisting of NaNO3 0.3%; KH2PO4 0.1%; MgSO4

0.05%; yeast extract 0.1%; agar 1.2% (St Leger et al.
1997). The clearing halo was visualized by staining with
Congo red, then de-stained with NaCl and measured as
previously described. Each assay was repeated twice.

ATR spectroscopy

Three sterile flasks containing 50 mL of Malt Extract
Broth (MEB, 50 g L−1 of distilled water) were

Fig. 1 ‘Gala’ apples twigs were
wounded and inoculated with
Neofusicoccum parvum (NP1
strain) mycelium agar plug,
wrapped with sterile cotton
wetted by 5 mL of sterile water
and covered with Parafilm. After
12 d from the artificial inoculation
are noticeable: pycnidia (a),
conidia (14 μm length on
average) (b) and symptoms (c)
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inoculated each with 15 plugs of N. parvum NP1 my-
celium 8 d-old, and incubated at 25 °C in a rotary shaker
(250 rpm) for 8 d. The culture was centrifuged at
5000×g for 20 min at 4 °C and the mycelium was
washed with distilled water and filtered through two
layers of miracloth. Then, ‘Gala’ and ‘Fuji’ fruit slices
(70 mm thickness) were inoculated with 1 g of
N. parvum mycelium.

After 3, 9, 24, and 48 h, N. parvum mycelium
was removed and apple slices were stored at −80 °C
and suddenly lyophilized (FD-10 Freezing Dryer,
Lab kits, H.K.) for 10 d to avoid water spectroscopic
interferences. The control consisted in not inoculat-
ed apple slices.

The IR/ATR spectra of fruits at different times of
both cultivars were compared in order to ascertain
how N. parvum infection affected the chemical com-
position of fruits. Moreover, the IR/ATR spectra of
the pulp of apple fruits displayed increasing differ-
ences compared to their control references with the
inoculation time, therefore, only the longest inocu-
lation time spectra are discussed.

IR spectra were recorded with a Bruker ALPHA
series FT-IR spectrophotometer (Bruker, Ettlingen, Ger-
many) equipped with a crystal diamond cell for attenu-
ated total reflectance (ATR). The spectra were collected
from 4000 to 400 cm−1 and averaged over 100 scans
(resolution = 4 cm−1) on three different samples for each
inoculation time.

Statistical analysis

Data were subjected to a one-way analysis of variance
(ANOVA). Separation of means was performed using
the least significant difference (LDS) test, at P < 0.05.
Data were reported as mean values ± standard error (SE)
of two independent experiments. All analyses were
performed with the software Statgraphic Plus Version
2.1 (USA).

Results

Pathogen

The sequence analysis of the ITS rDNA regions
identified the five pathogen strains used in this study
as N. parvum with a sequence homology percentage of
99% with the relative accession number KY053054.

The results of molecular characterization were
compared with N. parvum morphological identification
keys, showing a significant match.

Conidia production

Neofusicoccum parvum strains used in our tests,
showed the ability to grow on different culture sub-
strates, such as MEA, PDA, and Apple Agar. On
these substrates, fungi grew very fast reaching com-
plete colonization of the plate (90 mm) in only 5 d,
however they did not produce pycnidia, in any of the
different substrate (Table 1), even after 15 d (data not
shown). On the other hand, when grown for 12 d on
‘Gala’ and ‘Fuji’ apple twigs (Fig. 1 a), all the strains
produced pycnidia, but no statistical difference was
detected among their concentrations, except for NP1
strain grown on ‘Gala’ apple twigs (Fig. 1 b and c and
Table 1). At this incubation time (12 d), apple twigs
showed great lesions only in correspondence of the
fungus inoculation point and a large amount of black
pycnidia appeared under the Parafilm layer (Fig. 1 a,
b). Pycnidia derived from wood lesions contained
conidia of an average length of 14 μm, without show-
ing statistically significant differences between the
two apple cultivars (data not shown). On the contrary,
statistically significant difference was shown between
conidia concentration detected on ‘Gala’ and ‘Fuji’
twigs (Table 1), with the first cultivar (‘Gala’)
resulting the most suitable substrate for the pathogen
strains (3.07 × 104 conidia mL−1 on average). The
obtained conidia were inoculated on MEA plate and
the mycelium growth and morphology were very
similar to those of the original N. parvum isolates
inoculated on twigs. After 8 d of incubation in MEA
plates, mycelium plugs were placed on artificial
wounds of new apple twigs treated as above and
similar wood lesions after 12 d were detected con-
taining pycnidia, fully satisfying Koch’s postulates,
and supporting protocol reproducibility. The
N. parvum isolates similarly colonized woody tissues
of the two tested apple cultivars. After 12 d, blackish-
brown discolorations were observed on woody tis-
sues of both apple cultivars twigs (Fig. 1 c). Lesions
were equally extended (about 20 mm2) in both culti-
vars. No clear and significant pathogenicity/virulence
difference in the inoculated twigs was detected
among the tested strains, and for this reason, one
strain (NP1) for subsequent analyses was chosen.
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SEM analysis

Scanning Electron Microscopy (SEM) observations of
‘Gala’ and ‘Fuji’ apple twigs inoculated with N. parvum
NP1, revealed that after 3 d of incubation at 25 °C the
pathogen started to germinate and colonize the tissue
surface (Fig. 2 Aa). At 6 d (Fig. 2 Ab) after inoculation
the SEM observations displayed a great increase of the
mycelium with respect to the 3th day. In addition, the
scanning observation at higher magnification (500 ×)
emphasized the difference between the healthy and the
tissue colonized by the fungus (Fig. 4 **panel).

Six days later (Fig. 2 Ac), the pathogen hyphae
already severely invaded the twigs tissues (cross
section). No differences were observed between
‘Gala’ and ‘Fuji’ twigs about the N. parvum viru-
lence (Fig. 2B (a, b, c)).

Virulence on apple fruit

After 7 d, the strain NP1 did not show any disease
symptoms at 15 °C on both apple cultivars, whereas
at 30 °C the fungal pathogen displayed the highest
severity (60 mm and 71 mm for ‘Fuji’ and ‘Gala’
respectively) (Fig. 3). Moreover, NP1 displayed a
higher virulence in ‘Gala’ apples with respect to
‘Fuji’ both at 25 °C and 30 °C. The fungus patho-
genicity was limited at 20 °C.

Enzymes activity

The pectinase, polygalacturonase, xylanase, and cellu-
lase pathogenesis enzymes activity of N. parvum strain
NP1 was evaluated after 3, 9, 24 and 48 h of fungal
growth. All the examined fungal enzyme activities
started to be detectable at 3 h from the inoculation on
the substrate, gradually increasing in time. At 24 and
48 h from the inoculation, the fungal strain showed the
highest enzymes activity (Fig. 4). Xylanase resulted the
highest enzymatic activity with respect to the other,
displaying a very intense and large halo areas, already
from 3 h of inoculation (200 mm2). Only cellulase
activity appeared to decrease after 48 h from the inocu-
lation. On the other hand, pectinase resulted in the tested
fungal time of growth the lowest enzymatic activity with
respect to the others CWDEs.

ATR spectroscopy

IR/ATR spectra gave useful information to gain insight
the chemical variation of affected fruits. In particular,
the ratio between the peaks areas centered at 1730 and
1610 cm−1 was used to monitor the esterification degree
of pectins (Supplemental Fig. 3). Figure 5 shows the
spectrum of ‘Gala’ slices after 48 h from inoculation (in
black) and the spectrum difference between this and the
control at the same time (in blue). Positive peaks in the
difference spectrum can be correlated to an increased

Table 1 Culture substrates used to induce Neofusicoccum parvum strains to produce conidia (MEA: Malt Extract Agar, PDA: Potato
dextrose agar, AA: Apple Agar, SS: Sterile Sticks, ‘Gala’ Twigs, ‘Fuji’ Twigs

Culture substrate

Strain MEA PDA AA MEA+ S.S. PDA + S.S. AA+S.S. Gala twigs Fuji twigs

NP1 n.d. n.d. n.d. n.d. n.d. n.d. 3.10 × 104

cell mL−1 ± 6.2bA
1.53 × 104

cell mL−1 ± 3.3aB

NP2 n.d. n.d. n.d. n.d. n.d. n.d. 3.07 × 104

cell mL−1 ± 0.6aA
1.52 × 104

cell mL−1 ± 5.2aB

NP3 n.d. n.d. n.d. n.d. n.d. n.d. 3.07 × 104

cell mL−1 ± 8.9aA
1.47 × 104

cell mL−1 ± 8.8aB

NP4 n.d. n.d. n.d. n.d. n.d. n.d. 3.06 × 104

cell mL−1 ± 9.9aA
1.44 × 104

cell mL−1 ± 9.0aB

NP5 n.d. n.d. n.d. n.d. n.d. n.d. 3.07 × 104

cell mL−1 ± 5.2aA
1.47 × 104

cell mL−1 ± 8.3aB

Conidia concentration values are the means of 15 repetitions (3 wounds) each per strain. Values within the same column followed by
different lowercase letters are significantly different (P < 0.05) according to the LSD test. Values within the same row followed by different
uppercase letters are significantly different (P < 0.05) according to the LSD test

n.d., not detected
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Fig. 2 Scanning electron micrographs (SEM) of ‘Gala’ (A) and
‘Fuji’ (B) twigs (surface and cross section) inoculated and not
(Control) with Neofusicoccum parvum NP1 strain at different
times from the inoculation (3d (a), 6d (b), 12d (c)). SEM shown,
200 x magnification in all images. *Specifics of the hyphae fungus

penetration in twig tissue at 3 d from the artificial
inoculation.**Specifics (500 ×) of the hyphae fungus colonization
in twig tissue at 6 d from the artificial inoculation. Light blue
arrows pointed NP1 mycelium
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concentration of phytochemical compounds, while a
negative peak is related to a decreased concentration.
Actually, several peaks related to the esterification

degree of pectins turned out to be positive in the differ-
ence spectrum: 1737, 1370, 1280, 1231, 1119, 991 and
799 cm−1. More in detail, the peaks at 1737 and

Fig. 4 Polygalacturonase (PGL), Pectinase (PEC), Cellulase
(CEL) and Xylanase (X 1 IL) activity (halo-cm2) of
Neofusicoccum parvum NP1, after 3h, 9 h, 24 h and 48 h of
incubation at 25°C. Each value is the mean of three replicates ±

standard errors. Data were analyzed for significant differences (P <
0.05) by analysis of variance (ANOVA) followed by LSD test.
Within the same enzyme the same letters represent no significant
differences according to LSD test (P < 0.05)
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Fig. 3 Lesion diameter (mm) of
Neofusiccoccum parvum NPI
strain on apple fruit artificially
inoculated after one week. Fruit
wounds were inoculated with 20
μL of Neofusicoccum
parvum conidia suspension (104

conidia mL−1). Fruits were kept at
15°C, 20°C, 25°C and 30°C for 7
d. Data are the means of fruits for
each incubation temperature.
Lower case: analysis per cultivar -
Upper case: analysis between
cultivar; different letters indicate
significant differences according
to LSD test, P < 0.05
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Fig. 6 Infrared spectrum of ‘Fuji’ apple fruit at 48 h after inocu-
lation (black 1 spectrum). The blue spectrum is the difference
between the inoculated sample at 48 h and its control. Red boxes:

peaks attributed to pectin; green boxes: peaks attributed to pheno-
lics; purple boxes: peaks attributed to hemicellulose; black boxes:
peaks attributed to glucose

Fig. 5 Infrared spectrum of ‘Gala’ apple fruit at 48 h after inoculation (black 1 spectrum). The blue spectrum is the difference between the
inoculated sample at 48 h and its control. Red boxes: peaks attributed to pectin; green boxes: peaks attributed to phenolics
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1119 cm−1 are typical of acetylated pectins, whose con-
centration increases in infected ‘Gala’ apples compared to
control. Moreover, other bands attributable to pectin vibra-
tions changed their relative intensities or their wavenumber
(Synytsya et al. 2003): 1406, 1343, 1252, 1141, 1080 and
964 cm−1, indicating chemical changes into pectin struc-
ture induced by the fungal presence. On the other
hand, peaks related to phenolic compounds (i.e.
flavonoids, lignins and ferulate esters) showed a
marked decrease with respect to the control: in par-
t icu lar the bands at 1594 and 1182 cm−1

(Heneczowski et al. 2001).
‘Fuji’ apples’ spectrum after 48 h from inoculation,

showed other variations in the difference spectrum (blue
spectrum, Fig. 6), indicating different chemical variations
induced by fungal attack. For example, the esterification
degree of pectins decreased (Synytsya et al. 2003): 1739,
1274, 1117, 989, 929 and 834 cm−1 bands showed a
negative peak. Some of these peaks indicate that pectin
in this cv is mainly methylated: i.e. the 1739 and the
989 cm−1 bands are indicative of methyl esterification
(Barros et al. 2002). As in ‘Gala’, other pectin-related
bands are affected by inoculation: 1365, 977, 918 and
834 cm−1. Conversely, typical peaks related to phenolic
compounds increased after fungal inoculation
(Bonora et al. 2009): 1578 and 1184 cm−1. Other
features typical of the IR/ATR spectra of inoculated
‘Fuji’ slices are the increase in intensity of bands
attributable to hemi-cellulose (1058 and 815 cm−1)
and those related to free monosaccharides, in partic-
ular to glucose moieties (i.e. 1294, 885 and
777 cm−1) (Schulz and Baranska 2007).

Discussion

The increase of temperatures and the wide variety of
commercialized apple cultivars (Di Francesco et al.
2019) are contributing factors in the emergence of dif-
ferent fungal pathogens such as Botriosphaeraceae spp.
in Europe (Carlucci et al. 2009; Spagnolo et al. 2011).
Between Botryosphaeraceae species, N. parvum and
Neofusicoccum luteum resulted the most aggressive
(Pérez et al. 2010; Adesemoye et al. 2014; Chen et al.
2014; Delgado-Cerrone et al. 2016).

Our study aimed to characterize the infection
mechanism of N. parvum as causal agent of fruit
and wood diseases of apple. This fungus is
representing a real concern in South America and

Europe particularly in TrentinoAltoAdige region (Italy),
causing severe losses for apple production (Prodorutti et al.
2012; Javier-Alva et al. 2009;Molina-Gayosso et al. 2012;
Marques et al. 2013). The present study showed that the
pathogenicity of the strain NP1 in apple fruit and wood
was highly influenced by the temperature (25 °C/30 °C)
and the host chemical composition, especially considering
the fruit. In effect, NP1 strain did not show differences of
virulence between cultivars in the apple wood coloniza-
tion. These results can be partially confirmed byYang et al.
(2017), who demonstrated that shoots inoculated with
conidia derived from an in vitro production method had
larger lesions than those inoculated with conidia from in
planta production. In fact, as Amponsah et al. (2008), we
could not produce spores by in vitro assays from our
N. parvum isolates but only through the twig inoculation.

Conversely between apple fruit cultivars, where
‘Gala’ apples showed a higher susceptibility to
N. parvum with respect to “Fuji”, displaying lesion
diameters 1.5-fold larger. This finding can be related to
a different biochemical response to fungal attack as re-
vealed by ATR/IR spectroscopy. In fact, ‘Fuji’ apples
showed a higher content of phenolic compounds com-
pared to the control fruits, while ‘Gala’ showed a decrease
of the corresponding IR bands. Boyer and Liu (2004)
reported a higher total phenolic and flavonoid content in
‘Fuji’ compared to ‘Gala’ apples. Several reports highlight-
ed the role of phenolic compounds such as ferulic acid and
its derivatives in fruit defense response against fungi attack
in different crops (Bonora et al. 2009; Lambert et al. 2012;
Srivastava et al. 2013). Moreover, the two apple cultivars
showed an opposite trend of the pectins esterification
degree that is reported to be affected by the fungal attack
(Bonora et al. 2009): usually the esterification degree
decreases in response to fungal infection by the action of
pectin methyl esterases secreted by fungi (Kikot et al.
2009; Vallette-Collet et al. 2003); in fact de-esterification
increases the susceptibility of the cell wall structure by
favoring the spreading of the attack (Lionetti et al. 2012).
Our results showed that ‘Gala’ preferentially displayed the
typical peaks of acetylated pectins that increase with time
after inoculation, therefore a less effective response to
fungi, while ‘Fuji’ showed the typical peaks of methylated
pectins. In fact, it is known that themain commercial apple
cultivars displayed different susceptibility to pathogens
supporting previous data reported by Spotts et al. (1999),
where ‘Fuji’ and ‘Granny Smith’ apple were the most
resistant varieties to apple fungal pathogens with respect
to ‘Gala’ and ‘Golden’ cvs. Overall, significant differences
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on susceptibility to Botriosphaeriaceae fungi were detect-
ed among stone fruit cultivars by Beckman and Reilly
(2005) with the cv ‘Summergold’ as the most susceptible
and the ‘Redskin’ the least, but no significant differences in
virulence between fungal strains were observed in accor-
dance with our results.

Doubtless, N. parvum NP1 strain phytopathogenic
behaviour is related to the high production of degrada-
tive and oxidative enzymes, often simultaneously se-
creted (Esteves et al. 2014) such as cellulases and
xylanases. Fungi associated with wood diseases may
be related to different fungal activities such as the pro-
duction of phytotoxic compounds (Stempien 2017), and
enzymes. As the latter, the enzymatic activities could be
associated with the fungal behaviour: low extracellular
cellulolytic activities are indicative of a symbiotic life-
style and low polysaccharide degrading activity accom-
panied by high proteolytic and lipolytic activities may
reflect an adaptation to a non-pathogenic lifestyle
(Esteves et al. 2014). In our case, N. parvum was able
to degrade the carbohydrate components of cell walls
and exhibit mainly cellulase and xylanase activities
starting from 3 h after the inoculation, explaining its
high and rapid wood decay capability. Furthermore,
results showed that our strain particularly exerted
xylanase enzyme activity, known to be responsible for
t h e d e g r a d a t i o n o f p o l y s a c c h a r i d e s b y
Phaeoacremonium minimum (esca disease) (Stempien
2017). These results are confirmed by the increase of IR
bands related to free monosaccharides (in particular
glucose) that were found in both apple cultivars. More-
over, the increase of hemicellulose bands in ‘Fuji’ spec-
tra could be related to an increased resistance of this
cultivar to fungal xylanase activity. On the contrary,
pectic and polygalacturonic enzymatic activities, princi-
pally involved in the degradation of pectic polymers of
fruits and consequence of soft-rot symptoms, were less
effective than the above-mentioned cellulase and
xylanase enzymes. This fact is probably due to
N. parvum ability to shift between endophytic and path-
ogenic phases (Amponsah et al. 2011; Sakalidis et al.
2011; Baskarathevan et al. 2012; Ramírez-Suero et al.
2012; Fernandes et al. 2014; Abou-Mansour et al.
2015). Mugnai et al. (1999) also described how some
fungal secreted compounds in the wood could be
translocated to the leaves and fruits, inducing the typical
white rot symptoms. Therefore, more investigations on
different apple fruit and wood cultivars are necessary
also to better clarify the relationship between the

increase of fungal virulence and the climate change to
prevent the real risk of new epidemics in several geo-
graphical regions.
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ABSTRACT. Grapevine trunk diseases are among the most important limiting factors of worldwide 

viticulture. In this context, we aimed to verify the effect of chemical fungicides, biological agents and 

plant extracts on the control of Lasiodiplodia theobromae in pruning wounds and their physiological 

effects in cv. Syrah grapevines. Plant extracts (clove, cinnamon, garlic, rosemary and lemongrass), 

commercial fungicides (difeconazole, tebuconazole, mancozeb, sulfur, pyraclostrobin, fosetyl-Al, and 

azoxystrobin), chitosan, Trichoderma harzianum and Bacillus subtilis were used for the in vitro trials. The 

protection of pruning wounds in the potted vines was studied using fosetyl-Al, tebuconazole, Trichoderma 

harzianum, Bacillus subtilis, garlic extract and clove extract. The experiments were carried out through two 

vegetative cycles: 2015/2016 and 2016/2017. The length of wood discoloration, pathogen re-isolation 

percentage, fresh mass of the pruning material, peroxidase activity, fluorescence, chlorophyll index, 

phenological stages, shoot length and leaf area were evaluated. The treatments with clove, garlic extract, 

tebuconazole, pyraclostrobin, mancozeb, fosetyl-Al and B. subtilis reduced mycelial growth by more than 

90%. In the grapevines, the use of T. harzianum decreased the re-isolation of L. theobromae, but no 

differences were verified for the other plant evaluations. We concluded that the use of T. harzianum would 

be a potential option for wound protection without altering the physiological aspects of cv. Syrah 

grapevines. 
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Introduction 

Grapevine trunk diseases (GTDs) are among the most important limiting factors of viticulture in the 

world. Several trunk fungi may be responsible for these diseases, affecting both Vitis vinifera L. and Vitis 

labrusca cultivars. Among these fungi, the genus Lasiodiplodia is the causal agent of grapevine dieback, 

which is also referred to as black dead arm or Botryosphaeria canker. In symptomatic plants, Lasiodiplodia 

theobromae was reported to be the most prevalent (Úrbez‐Torres, 2011). In Brazil, Lasiodiplodia theobromae 

(Pat.) Griff. & Maubl (Correia et al., 2013) and Lasiodiplodia brasiliense (Correia et al., 2015) were isolated 

from grapevine decline symptomatic plants. 

These pathogens usually infect plants via pruning wounds and grafting points (Úrbez-Torres & Gubler, 

2009); furthermore, they can be passed from the grapevine mother plants to the young through grafting or 

other processes of propagation at nurseries (Gramaje & Armengol, 2011). The infection is also favoured by 

conditions that reduce plant vigour, such as frost, high temperatures in the summer months, poor nutrition 

and poorly conducted pruning, and is associated with several disease symptoms, including foliar chlorosis, 

stunted growth, the dieback of shoots, spurs and side-branches, canker of the trunk or side-branches, 

wedge-shape cankers in the vascular tissue and mortality (Larignon & Dubos, 2001). 

Strategies to reduce the incidence of vine trunk pathogens are limited to the management of the crop, 

using healthy plants, disposing of contaminated parts, pre-pruning or double pruning (Weber, Trouillas, & 

Gubler, 2007). Several works have been carried out in vitro and in vivo to obtain products that promote the 

control of these pathogens, such as chemical or biological products. However, the efficacy ranges broadly 

https://orcid.org/0000-0001-8409-1998
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according to the species studied (Rolshausen et al., 2010; Amponsah, Jones, Ridgway, & Jaspers, 2012; Díaz 

& Latorre, 2013). 

The use of some biological control agents for the control of GTD fungi has also been tested, 

demonstrating the in vitro and in vivo efficacy of these agents. Alfonzo, Conigliaro, Torta, Burruano, and 

Moschetti (2009) evaluated in vitro Bacillus subtilis, getting control of Phaeoacremonium aleophilum, 

Phaeomoniella chlamydospora, Verticillium dahliae and Botryosphaeria rhodina. Using biological control 

agents triggers the colonization of the plants’ wounds, preventing the entry of trunk pathogens. Thus, these 

agents become a plant-protection option over time (Mutawila, Fourie, Halleen, & Mostert, 2011). Mutawila, 

Halleen, and Mostert (2016) reported that the application of Trichoderma species on grapevine pruning 

wound surfaces reduces wound infection by trunk pathogens. The protection of wounds with chemical or 

biological products can also reduce the presence of disease in the area (Halleen, Fourie, & Lombard, 2010; 

Díaz & Latorre, 2013; Sosnowski, Loschiavo, Wicks, & Scott, 2013). 

The application of plant extracts can be an alternative method for disease control with lower 

environmental impacts. In vines, the use of garlic extract had an effect on the in vitro control of 

Botryosphaeria dothidea, Diplodia seriata, Eutypa lata, Ilyonectria macrodidyma, and Phaeoacremonium 

aleophilum and inhibited the development of D. seriata and P. chlamydospora in grapevine branches (Cobos 

et al., 2015). 

As described, various management methods, including chemicals, biological control, natural molecules 

and material sanitation, have been tested against pathogens causing diseases of the stems of vines. Despite 

the reported experiments and the wide range of products registered for grapevines in Brazil, until now, 

there are no registered products for the control of L. theobromae. 

In this context, this work aimed to verify the effect of chemical fungicides, biological agents and plant 

extracts on the control of Lasiodiplodia theobromae in pruning wounds and its physiological effects on 

grapevine plants cv. Syrah. 

Material and methods 

In vitro trials 

Trials were carried out at the Phytopathology Laboratory of UNICENTRO (Guarapuava, Paraná State, 

Brazil) using an isolate of Lasiodiplodia theobromae (CMM 307) from the fungal collection of the Federal 

University of Pernambuco obtained by the isolation of symptomatic vines (Vitis vinifera) in Petrolina, 

Pernambuco State, Brazil. 

For the tests with plant extracts, flower buds of clove (Caryophyllus aromaticus L.), bark cinnamon 

(Cinnamomum zeylanicum), fresh bulbs of garlic (Allium sativum L.), dried leaves of rosemary (Rosmarinus 

officinalis), and lemongrass (Cymbopogon citratus) were applied. The plant extracts were prepared using 30 g 

of plant material in 100 mL of distilled water, shredding the mixture in a blender, and subsequently filtering 

the mixture through a cheesecloth. A commercial garlic extract was also used (Natualho®, ai: 70%). The 

plant extracts were added to a PDA culture medium (potato dextrose agar, K25-610102, KASVI, Lot: 

100713203) to obtain final concentrations of 0, 5, 10, 15, and 20% (v/v). 

To test the volatile substances, the same plant extracts were used at a concentration of 20% of each extract, 

adapted from the methodology of Celoto, Papa, Sacramento, and Celoto (2008), using bipartite Petri dishes. 

For the experiment with commercial products, the following treatments were added to the PDA culture 

medium: difeconazole (Score®, 1 mL L-1, ai: 250 g L-1), tebuconazole (Folicur® 200 EC, 8.75 mL L-1, ai: 200 g L-

1), mancozeb (Dithane®, 3 g L-1, ai: 800 g kg-1), sulfur (Kumulus®, 3 g L-1, ai: 800 g kg-1), pyraclostrobin 

(Comet®, 5.33 mL L-1, ai: 250 g L-1), fosetyl-Al (Aliette®, 2.5 g L-1, ai: 450 g L-1), azoxystrobin (Amistar®, 0.24 g 

L-1, ai: 500 g L-1), chitosan (Fish Fértil Quitosana®, 16 mL L-1, ai: 2%), Bacillus subtilis (Serenade®, 80 mL L-1, 

ai: 13.68 g L-1), Trichoderma harzianum (Ecotrich®, 4 g L -1, ai: 300 g kg-1) and Trichoderma harzianum 

(Predatox®, 4 mL L -1, ai: 20 g L-1). 

The biological control agents Bacillus subtilis and Trichoderma harzianum were submitted to direct 

pairing tests with the pathogen and further evaluation of the volatile metabolites; this was performed using 

bipartite Petri dishes filled with PDA medium in the two compartments. First, the biological control agents 

were inserted in a partition of the plate. After 48h of recording, the mycelial discs of the phytopathogen 

were inserted into the other partition of the dish. 
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In all the trials, mycelial discs of 5 mm diameter of an isolated Lasiodiplodia were transferred to the 

centre of the Petri dishes containing culture medium with the treatments and incubated in a culture 

chamber at 25°C under 12h day/night photoperiods. The experimental design was completely randomized 

with five replications. 

The evaluation of mycelial growth was performed daily by diameter measurements (cm) of the colony 

with a digital pachymeter 8” (ZAAS Precision, São Paulo, Brazil). From the evaluations of mycelial growth, 

the area under the mycelial growth curve (AUCMG) was estimated, adapted from Campbell and Madden 

(1990), and for the antagonism test, the index of antagonism following the methodology of Campanile, 

Ruscelli, and Luisi (2007) was used. The data were analysed using analysis of variance (ANOVA), a mean 

comparison by using a Scott-Knott test at 5% and a regression analysis for the doses. The percentage 

inhibition of each treatment was calculated in comparison with the control, and the means comparison was 

performed by a t-test at 5%. The statistical analyses were performed using the statistical software ASSISTAT 

Version 7.7 (Silva & Azevedo, 2016). 

In vivo trials 

The in vivo trials were conducted in a greenhouse in Guarapuava, Paraná State, Brazil (25°33’ S and 

51°29’ W, altitude of 1,095 m). Nursery grapevines of cv. Syrah clone 174 (Vitis vinifera) grafted on rootstock 

‘Paulsen 1103’ were transplanted into 3 L pots containing 2 L of soil, 0.9 L of organic compost and 0.1 L of 

dolomitic limestone. 

The experiments were performed in two seasons: summer pruning and winter pruning. The grapevines 

were pruned at the height of the seventh bud in the vegetative period of the plant during the second week of 

December (summer 2015) and at the third bud spurs during the first week of August (winter 2016). The 

pruning scissors were disinfected with 70% (v/v) alcohol. Then, at the pruning wound sites, the treatments 

were applied with a micropipette, applying 2 mL of solution per wound (Díaz & Latorre, 2013). 

The treatments used were an uninoculated control (water), inoculated control (water), fosetyl-Al 

(Aliette®, 2.5 g L-1, ai: 450 g L-1), tebuconazole (Folicur® 200 EC, 8.75 mL L-1, ai: 200 g L-1), Bacillus subtilis 

(Serenade®, 80 mL L-1, ai: 13.68 g L-1), Trichoderma harzianum (Ecotrich®, 4 g L-1, ai: 300 g kg-1), plant extracts 

of clove (Caryophyllus aromaticus L., dose 20%) and plant extracts of garlic (Allium sativum L., dose 20%). 

For each pruning season, 24h after the application of the treatments, the fresh pruning wounds were 

inoculated with a mycelial disc (5 mm in diameter), taken from the PDA cultures of L. theobromae, which 

was placed upside down over the fresh pruning cut and wrapped with Parafilm M (Pechiney Plastic 

Packaging) to avoid rapid dehydration. For the control, without inoculation, the PDA discs without fungi 

colonization were used. 

The experimental design was in randomized blocks with eight treatments, six replicates and an 

experimental plot consisting of one pot. 

In August (winter 2016), 230 days after the first season treatments, and in January (summer 2017), 156 

days after the second season treatment, spurs were removed from the vines and returned to laboratory for 

assessment. Then, the branches were cut longitudinally, and the lesions, i.e., the length of wood 

discoloration (LWD) extending from the point of inoculation, were measured with a digital pachymeter 8” 

(ZAAS Precision, São Paulo, Brazil). To confirm that the lesions were caused by trunk pathogens, 12 small 

pieces of discoloured wood from the margin of each lesion were surface-sterilized following the 

methodology of Almança et al. (2013), in which the pruned branches were disinfected with 70% alcohol for 

30 seconds, with 3.5% sodium hypochlorite for 2 minutes and again immersed in 70% alcohol for 30 seconds 

and placed in PDA. The percent re-isolation was calculated. 

The plants inoculated with L. theobromae were also examined for the presence of physiological changes. 

In both trial periods, the fresh mass (g) of the pruning material (precision balance model M2202, BEL 

Equipamentos Analíticos) and the chlorophyll index, with results expressed in ICF values (Falker 

chlorophyll index) according to Falker, (2008) (chlorophyll meter ClorofiLOG® model CFL 1030, Falker 

Automação Agrícola, Porto Alegre, Brazil) and chlorophyll a fluorescence (Fv/Fm - maximum PSII quantum 

yield - measured with a modulated fluorometer (PAM-2500 model, Walz, Effeltrich, Germany)) were 

evaluated. 

After summer pruning, after 24h of inoculation, the activity of the guaiacol peroxidase enzyme was 

analysed in a UV-visible spectrophotometer (UV-1800 model, Shimadzu, Kioto, Japan) at 480 nm (Urbanek, 



Page 4 of 9 Rusin et al. 

Acta Scientiarum. Agronomy, v. 43, e44785, 2021 

Kuzniak-Gebarowska, & Herka, 1991). A unit of GPX activity was defined as the change of 1.0 unit of 

absorbance (480 nm) per milligram of soluble protein per minute (UA mg P-1 min.-1). 

After winter pruning, were also evaluated, the length of the branches (measured monthly with a tape 

measure), the phenological stages according to Eichhorn and Lorenz (1984) and the leaf area, determined 

with the model leaf area LI 3100C (Licor, Nebraska, United States of America) installed on bench, and the 

results were expressed in cm2. 

The data were analysed with an analysis of variance and a mean comparison by a Scott-Knott test at 5% 

significance using the statistical programme ASSISTAT Version 7.7 (Silva & Azevedo, 2016). 

Results and discussion 

In vitro trials 

Antifungal activity is considered to be high when aqueous extracts provide inhibition equal to or greater 

than 50% (Venturoso et al., 2011). Thus, the results obtained in the experiment demonstrated the antifungal 

efficiency of cinnamon, clove and garlic. These treatments had a quadratic effect according to dose, with 

inhibitions between 90 and 100% of the mycelial growth of the pathogens at all the doses used (Figure 1a). 

The antifungal activities of clove and garlic extracts was proven, demonstrating the potential of these two 

extracts for the in vitro control of L. theobromae. The effect of garlic extract on the in vitro control of disease-

causing fungi such as D. seriata and P. chlamydospora in grapevines was also reported by Cobos et al. (2015). 

The cinnamon and rosemary extracts had quadratic effects according to dose. The highest inhibition 

using a 20% dose of cinnamon was verified with a reduction of 98.5%, and for the rosemary extract, the 

maximum inhibition was verified at a 10% dose (-24%). The lemongrass extract had a linear effect according 

to dose and a maximum inhibition at 20% (-31%) (Figure 1b). 

The action of the extracts could be directly related to its composition. In addition to the efficiency of the 

extracts when added to the culture medium, the diffusion of traces of volatile compounds may induce or 

inhibit germination or growth or trigger changes in the development of plants and fungi (French, 1992). 

Volatile oils, essential oils, and ethereal oils or essences are complex mixtures of volatile substances, 

lipophilic, usually odoriferous and liquid, and soluble in apolar organic solvents such as ether but have 

limited solubility in water (Simões & Spitzer, 2001), indicating that the extraction of the aqueous extract 

carries a lesser amount of active principles. The lower drag of the active principles may explain the low 

efficiency of the volatile compounds in this experiment. 

 
Figure 1. Area under the curve of the mycelial growth (AUCMG) of Lasiodiplodia theobromae subjected to different plant extracts. ** 

significant (p ≤ 0.01). Guarapuava, Paraná State, Brazil, 2016. 

The majority of the chemical treatments and biological control agents decreased the mycelial growth of L. 

theobromae (Figure 2a). The treatments tebuconazole, mancozeb, pyraclostrobin, fosetyl-Al, B. Subtilis, and T. 

harzianum (ai: 300 g kg-1) were the most effective, followed by difeconazole and T. harzianum (ai: 20 g L-1). The 

treatments with sulfur, azoxystrobin, and chitosan did not differ from the control, which showed the highest 

mycelial growth. 
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The volatiles of the plant extracts from cinnamon and garlic reduced the AUCMG, and the greatest 

reduction was obtained from the extracts of cinnamon (-35%) (Figure 2b). Although the effectiveness of 

control by the clove volatiles was not verified, they were efficient when diluted in culture medium, 

indicating that direct contact with the pathogen is necessary.  

 

Figure 2. Area under the curve of the mycelial growth (AUCMG) of Lasiodiplodia theobromae submitted to treatments with chemical 

products and biological control agents (a) and to different volatile plant extracts (b). *Means followed by the same letter do not differ 

significantly by the Scott-Knott test (p ≤ 0.05). (1) Commercial product with 300 g kg-1 of active ingredient, (2) Commercial product with 

20 g L-1 of active ingredient. Guarapuava, Paraná State, Brazil, 2016. 

These results corroborate those obtained by Amponsah et al. (2012), who reported the efficacy of 

carbendazim, flusilazole, methyl thiophanate, tebuconazole, iprodione, fenarimol, procymidone, 

mancozeb, and chlorothalonil in inhibiting mycelial growth of Neofusicoccum australe, N. Luteum, and 

Diplodia mutila, the causal agents of GTD. The efficacy of tebuconazole on the in vitro control of 

pathogens has also been reported for the control of Botryosphaeriaceae by Sosnowski et al. (2013).  

Another chemical active ingredient with potential control is fosetyl-Al. In addition to the efficiency 

demonstrated in vitro, fosetyl-Al has the capacity to translocate into the plant via both the xylem and 

phloem (Kimati, 2011), which allows the use of this product in the protection of wounds. The in vitro 

efficiency of fosetyl-Al was verified in the control of Phomopsis spp. by Mostert and Crous (2000). 

No significant differences were verified in the reduction of area under the curve of mycelial growth 

(AUCMG) of L. theobromae subjected to treatments with volatile metabolites of biological control 

agents (data not shown). Regarding the antagonist test, the biological control agents inhibited the 

growth of L. theobromae, obtaining an index of antagonism of 66.4 and 62.2% for B. subtilis and T. 

harzianum, respectively, with no significant difference between them. 

The use of B. subtilis has also been reported to be effective in controlling L. theobromae on rubber 

trees (Sajitha, Florence, & Dev, 2014). Santos et al. (2016) observed that the antagonistic indices of B. 

subtilis were higher than those of T. harzianum in the control of Dactylonectria macrodidyma, a causal 

agent of black foot disease. The same authors reported the efficiency of the volatiles of biological 

antagonists for the tested pathogen. In this experiment, the volatiles of the biological control agents 

were not efficient in controlling L. theobromae, confirming that the effectiveness of the treatments can 

vary among fungal species. 

Considering the results of the tests in vitro, the raw aqueous extracts of garlic and clove, the chemicals 

tebuconazole, mancozeb, fosetyl-Al, pyraclostrobin, and difeconazole, and the biological control agents T. 

harzianum and B. subtilis have potential for use in the control of Lasiodiplodia theobromae in grapevines. 

In vivo trials 

In the present experiment, the means of re-isolation of the inoculated plants without wound 

protection treatments were similar in both seasons, indicating that the cultivar is susceptible to the 

entry of pathogens in pruning wounds at different periods of the year, making it necessary to protect 

these wounds in any pruning condition. 

Nevertheless, in general, infection with fungi that cause trunk diseases is favoured by conditions 

that reduce plant vigour, such as frost, high temperatures in the summer months, malnutrition and 

poorly conducted pruning (Larignon & Dubos, 2001). Another important factor is the spread and 

increase of infection rates when pruning is performed. Úrbez-Torres and Gubler (2011) observed that 
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the susceptibility in California vineyards of cvs. Chardonnay and Cabernet Sauvignon to infection by 

Lasiodiplodia theobromae and Neofusicoccum parvum was significantly higher when inoculation was 

performed in early winter rather than at the end of winter.  

According to our findings, the plants treated with garlic extract after summer pruning differed from 

all the treatments, showing an increase in the area of internal vascular discoloration (Figure 3a). 

Nevertheless, for vines inoculated in winter pruning, the inoculated control and the treatments with 

tebuconazole and T. harzianum differed from the other treatments, obtaining the largest length of wood 

discoloration (Figure 3b). 

For the inoculation performed in the summer pruning, there was a reduction in the percent re -

isolation for the treatment with T. harzianum (Figure 3c). Similarly, in the winter pruning, the use of T. 

harzianum also decreased the percent of re-isolation of the pathogen, not differing from the control 

without inoculation and the treatment with the clove extract (Figure 3d).  

 
Figure 3. Length of wood discoloration (mm) 230 days after summer pruning inoculation (a), 156 days after winter pruning inoculation (b), 

percent re-isolation after summer pruning (c), percent re-isolation after winter pruning (d), PSII quantum yield (Fv/ Fm) after summer pruning 

inoculation (e), and peroxidase activity (UA mg P-1 min-1) 24 h after summer pruning inoculation (f) of vines inoculated with Lasiodiplodia 

theobromae in cv. Syrah. †Data transformed by √ . *Means followed by the same letter do not differ significantly by the Scott-Knott test (p ≤ 

0.05). ns: not significant. NI: not inoculated. I: inoculated. Guarapuava, Paraná State, Brazil, 2017. 

Some researchers have reported the effectiveness of chemical products in pruning wound protection 

to pathogenic fungi of the vine trunk and decreasing vascular symptoms (Díaz & Latorre, 2013; 

Sosnowski et al., 2013). Wound protection can also be performed with plant extracts and biological 

control agents. The use of wound protection decreases the severity of the disease. The use of fosetyl -Al, 

B. subtilis, garlic extracts and clove extracts reduced the severity of the pathogen after winter pruning, 
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but the garlic extract did not have the same effect in the different periods of inoculation, different from 

the reports of Cobos et al. (2015) that verified positive effects of wound treatment with garlic extract . 

According to Mutawila et al. (2011), the effectiveness of protection based on Trichoderma spp. 

depends on the ability of vine pruning wound colonization by these fungi, and it depends on the 

interaction with the vine and is more or less effective according to cultivar. After the infection by 

pathogens in the wounds, the expression of external symptoms can occur; however, the appearance of 

symptoms is not often observed in the first year of infection, or the symptoms can be observed in one 

year and are more tenuous or even nonexistent in the following year (Mundy & Manning, 2011). 

Generally, grapevine decline symptoms are expressed in adult vineyards that are 7 years or older 

(Larignon & Dubos, 2001). In addition to the difficulty of symptom appearance in the early years, the 

external symptoms of the presence of the pathogen Lasiodiplodia tend to be easily confused with the 

presence of other pathogens or may result from causes that are not yet known (Úrbez-Torres, 2011). 
There was no significant difference in the variables fresh mass of the pruning material, phenological 

stages and leaf area (data not shown). The presence of L. theobromae led to a significant reduction in 
chlorophyll a fluorescence in plants of the inoculated control relative to the other treatments (Figure 
3e) and showed higher guaiacol peroxidase activity than all the other treatments (Figure 3f).  

The inoculated plants, those without the use of a wound protection treatment, had shorter canes at the 

evaluations at 77, 119 and 156 days after winter pruning (DAWP) relative to the other treatments (Figure 4). 

 
Figure 4. Length of the canes (cm) after inoculation in winter pruning of vines inoculated with Lasiodiplodia theobromae in cv. Syrah. 

*Means followed by the same letter do not differ significantly by the Scott-Knott test (p ≤ 0.05). ns: not significant. **DAWP: days after 

the winter pruning. NI: not inoculated. I: inoculated. Guarapuava, Paraná State, Brazil, 2017. 

Physiological stress in association with GTD fungi may contribute to the expression of symptoms in 
vines (Mundy & Manning, 2011). Among these parameters, peroxidase activity is indicative of intercellular 
stress due to the activation of the plant's antioxidant system to relieve oxidative stress. The increase in 
guaiacol peroxidase (GPX) activity in the inoculated control indicates that the entry of this fungus into the 
plants promotes stress. Another parameter, which confirms the stress caused by this pathogen in vines, was 
the lower chlorophyll a fluorescence, which was represented by the Fv/Fm ratio. It is also possible that the 
peroxidase and fluorescence evaluations of photosynthesis indicated a level of stress in the plant before 
they resulted in external symptoms. Letousey et al. (2010) observed that Chardonnay grapevine plants 
decreased their photosynthesis levels one week before the onset of apoplexy symptoms caused by Esca's 
disease, suggesting that the vine perceives some signs of the presence of the pathogen (probably toxins) and 
reacts by decreasing photosynthesis and triggering defence mechanisms. This level of stress caused a 
decrease in vine growth, reducing the cane length in some evaluations. 

Conclusion 

Plants infected with fungi that cause diseases of the vine wood alter their metabolism, regardless of the 
presence of symptoms, such as changes in chlorophyll fluorescence indices, peroxidase activity, and cane growth. 

Regarding the management of L. theobromae in the grapevine cv. Syrah, the use of T. harzianum proved 

to be an effective option in the protection of wounds, reducing the mycelium growth in vitro, re-isolation of 

inoculated vines not altering the physiological conditions of the plant. 
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The vine is one of the oldest plants on the planet, whose remotes fossils date back more than 120 million

years ago. It has been part of human civilization since ancient times, with many indications of its use for

consumption and cultivation in various archaeological and historical sites. Until today, the vine is very

present in modern society, with great socio-economic and cultural importance in many countries. The
taxonomy of the genus Vitis has been the subject of a lot of discussion, however it is generally considered

to comprise two distinct sections: Muscadinia and Euvitis. It is clear that genus Vitis shows an impressive

genetic variability for many agronomic characteristics being strongly conditioned by the climatic and soil

conditions where the plants are implanted.

Thus, written by a group of international viticulture researchers, “Vitis: Biology and Species” is a book that
provides up-to-date reviews, overviews and summaries of current research on the most recent

developments in Vitis species characterization, biology and composition.

This book is composed by thirteen chapters that provide current research on different topics of recent

knowledge about native grape varieties from different origins, the impact of different climatic and soil

conditions on vine managements, the description of the main grapevines disease and their control, grape
varieties composition and the use of modern digital technologies on viticulture. By reading this book,

readers can find an excellent description of the state-of-the art information and perspectives regarding to

the most recent studies on the different dimensions of Vitis plants production. This new book is an

important publication, which will be of great use to winegrowers, vine and wine scientists, students and

other professionals that might be interested in reading and learning about some fascinating areas of vine

research and discovery the most recent tendencies of vine biology and species.

Special Feature

The editors created a special video to provide additional information about the book. To watch the video,

click here.
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“This book is a fascinating journey into the viticultural world and biodiversity, jealously guarded by man

starting from the Mediterranean, in the oceans, islands and continents. The authors narrate the symbiosis

of man and Vitis, the most generous genus, in which rural and scientific knowledge are admirably reflected

and fruitful technological innovations ripen. The reading invites, with a look at the past, to appreciate the

inestimable values preserved in the wine-growing landscapes and, at the same time, look with confidence

to the future, inspired by the search for harmony between man and nature.” – Adamo Domenico

Rombolà, Professor of Viticulture, University of Bologna, Italy
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accessible way, this book will also help technicians, producers and the general public to find answers to

several aspects involving the modern cultivation of vines.” – Professor Dr. Regina Vanderlinde, Institute
of Biotechnology – University of Caxias do Sul, RS, Brazil, and President of O.I.V. – International
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Vinhos de colheita 
de inverno

Vinhos de colheita 
de inverno

Tecnologia para o agronegócio

A mudança do período de colheita do verão 
chuvoso para o inverno seco, por meio do manejo 
da dupla poda, técnica validada pela EPAMIG, 
possibilitou a obtenção de uvas com melhores ín-
dices de maturação e sanidade, incrementando a 
qualidade dos vinhos fi nos de colheita de inverno 
(ou simplesmente denominados vinhos de inver-
no). Esta inovação foi concretizada por meio da  
parceria público-privada que deu início às pes-
quisas conduzidas com o objetivo de transferir o 
ciclo de produção da videira da primavera/verão 
para a estação seca de outono/inverno do Sudeste 
brasileiro, com elevada amplitude térmica.

Impulsionados pela notoriedade desses vi-
nhos, novos empreendimentos vitícolas foram 
implantados, inclusive na região central do      
Brasil, ainda não explorada pela vitivinicultura. A 
colheita de inverno tem contribuído para mudar 
o cenário nacional de produção de vinhos fi nos, 
inserindo as regiões Sudeste e Centro-Oeste em 
uma nova fronteira vitícola. 

Esta nova edição do Informe Agropecuário, 
Vinhos de colheita de inverno, reúne informa-
ções técnicas relevantes obtidas durante 20 anos 
de pesquisa com o manejo da dupla poda, com 
destaques para: panorama atual dos vinhedos; 
implantação e condução dos parreirais; resulta-
dos recentes de pesquisas sobre porta-enxertos e 
cultivares; controle de maturação e vinifi cação; 
viticultura de precisão; informações sobre terroir 
e orientações para obtenção das Indicações Ge-
ográfi cas e a criação da marca coletiva “Vinhos 
de Inverno”. Espera-se que as informações conti-
das nos respectivos artigos possam atender à alta 
demanda que existe hoje sobre todo o processo 
produtivo das uvas destinadas à elaboração dos 
“Vinhos de Inverno”.

Renata Vieira da Mota
Claudia Rita de Souza
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Até o início do século 21, a produção de vinho fino no Su-
deste brasileiro era inexpressiva, sendo o estado do Rio Grande 
do Sul detentor da quase totalidade dessa produção. Condições 
climáticas adversas à boa maturação e à sanidade das uvas re-
sultavam em baixa produção, pois no ciclo produtivo da videira 
a maturação e a colheita coincidiam com o verão chuvoso da 
região. Entretanto, em algumas localidades do Sudeste, o outono/
inverno apresentava as condições ideais para a maturação da uva 
para vinificação, tais como escassez de chuvas, dias ensolarados 
e noites frias.

Ao avaliar este potencial, a EPAMIG deu início, a partir 
de 2001, a uma linha de pesquisa com a finalidade de alterar 
o ciclo de produção da videira, de tal forma que o período de 
maturação e de colheita da uva coincidisse com os meses de 
outono/inverno. Parcerias com empresas privadas proporciona-
ram avaliar a possibilidade de gerar um segundo ciclo da videira 
mediante duas podas anuais. O deslocamento da colheita para 
o período de inverno seco da Região Sudeste permitiu a evolução 
da maturação das uvas no campo.

Assim, surgiram os vinhos de colheita de inverno, elabo-
rados com uvas de variedades da espécie Vitis vinifera, como 
exigido pela legislação brasileira, para produção de vinhos finos. 
Dentre as variedades inicialmente testadas, as que se adaptaram 
melhor ao manejo da dupla poda foram as uvas ‘Syrah’ (tinta) 
e ‘Sauvignon Blanc’(branca), com boa expressão vegetativa e 
excelente potencial de produção e maturação.

Os vinhos elaborados a partir das uvas colhidas no inverno 
têm sua qualidade comprovada pela conquista de prêmios na-
cionais e internacionais, destacando-se o mais recente: Medalha 
de Ouro no concurso Brazil Wine Challenge 2020, concedida ao 
Vinho ‘Sirah’ EPAMIG, safra 2018, cujas uvas foram produzidas 
no Campo Experimental de São Sebastião do Paraíso (CESP) da 
EPAMIG Sul, sob o manejo da dupla poda.

Esta edição do Informe Agropecuário apresenta importantes 
resultados para a produção de vinhos finos no Sudeste brasilei-
ro, demonstrando que a pesquisa é fator preponderante para o 
desenvolvimento agropecuário nacional.

Nilda de Fátima Ferreira Soares
Presidência da EPAMIG

Pesquisa abre novos horizontes para 
a produção de vinhos finos 
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Tecnologia da dupla poda impulsiona 
produção de vinhos finos no                                 

Sudeste brasileiro
O engenheiro-agrônomo, José 
Procópio Stella, é formado pela 
Universidade Federal de Viçosa 
(UFV) e atuou na Associação de 
Crédito e Assistência Rural de 
Mato Grosso (Acamart) e na 
Empresa de Assistência Técnica 
e Extensão Rural do Estado de 
Minas Gerais (Emater-MG), em 
Pouso Alegre. Foi superintenden-
te operacional da Plantar, em
Curvelo, MG, e gerente opera-
cional na Sementes Viçosa, em 
Andradas, MG. Seguindo a vo-
cação familiar para a vitivinicul-
tura, atualmente é diretor-técni-
co da Vinícola Stella Valentino 
Ltda., localizada em Andradas. 
A Vinícola produz vinhos finos, 
mantendo a herança de cinco 
gerações da família Stella, des-
de a Itália até o Brasil.

IA -	A família Stella tem tradição cen-
tenária no cultivo de uvas ameri-
canas e produção de vinho. Como 
foi a passagem para a produção 
de uvas viníferas e elaboração de 
vinhos finos?

José Procópio Stella - A famí-
lia Stella, desde 1910, cultiva uvas 
americanas e híbridas e elabora vi-
nhos comuns para o consumo pró-
prio. Em 2002 foi feito um projeto 
para a produção de vinhos finos, com 
isso foram introduzidas 36 varieda-
des de uvas viníferas. Depois de 18 
anos de pesquisa, em parceria com a                                                              
EPAMIG Sul, em Caldas, consegui-

mos produzir alguns vinhos finos, 
tais como: Syrah, Tempranillo e Sau-
vignon Blanc. 

IA - Quais foram as principais dificul-
dades para iniciar a produção de 
vinhos finos?

José Procópio Stella - No Sudes-
te brasileiro, a colheita das uvas é 
realizada nos meses de janeiro e feve-
reiro. Porém, nesta época têm-se altos 
índices pluviométricos, o que dificulta 
a maturação das uvas viníferas. Então, 
numa parceria com a EPAMIG, foi 
desenvolvida a técnica da dupla poda, 
ou seja, transferimos a colheita para 

os meses de inverno. Com isso, co-
lhemos as uvas numa época seca, com 
excelente luminosidade, com ampli-
tude térmica perfeita (temperaturas 
noturnas em torno de 8 ºC e tempe-
raturas diurnas em torno de 25 ºC) e 
solo seco. O conjunto desses fatores é 
tudo o que precisamos para obter uma 
maturação plena das uvas. Assim, a 
grande dificuldade que era colher uva 
de excelente qualidade no verão, con-
seguimos por meio da transferência 
da colheita para o inverno.

IA - E quais foram as principais van-
tagens nesta mudança, tanto na 

IA 312.indb   4 08/01/2021   14:29:42



I n f o r m e  A g r o p e c u á r i o .  V i n h o s  d e  c o l h e i t a  d e  i n v e r n o ,  B e l o  H o r i z o n t e ,  v . 4 1 ,  n . 3 1 2 ,  2 0 2 0

produção de uvas viníferas, quan-
to na elaboração de vinhos finos?

José Procópio Stella - A grande van-
tagem da colheita no inverno é ob-
ter uma maturação perfeita das uvas. 
Com isso, levamos para a vinificação 
uvas de excelente qualidade, o que 
nos coloca no mesmo patamar das 
grandes regiões vitivinícolas do mun-
do que produzem vinhos finos. Trata-
-se de uma grande conquista e a pos-
sibilidade de ampliação de mercados, 
tanto interno quanto externo.

IA - Qual a importância da pesqui-
sa para o setor vitivinícola 
do Sudeste e qual(is) seria(m) 
o(s) principal(ais) tema(s) que 
precisaria(m) ser estudado(s)?

José Procópio Stella - A pesquisa 
realizada pela EPAMIG é de suma 
importância para o setor vitivinícola. 
Muito já se fez, porém precisamos da 
pesquisa de maneira contínua, pois 
sempre novos desafios surgem e daí 
a necessidade de investigações per-
manentes. Dentre os principais temas, 
citamos a adaptação de novas culti-
vares de uvas e porta-enxertos e tam-
bém métodos de controle de doenças. 
Estes dois temas são de extrema im-
portância para obter uma produção de 
qualidade. 

IA - Publicações técnico-científicas 
como o Informe Agropecuário, 
que completou 45 anos, têm 
contribuído para o desenvolvi-
mento agropecuário, em especial 
vitivinícola?

José Procópio Stella - A tecnologia 
agrícola desenvolve-se de manei-
ra muito rápida. Visto isso, todas as 
publicações técnico-científicas são 
extremamente bem-vindas e o Infor-
me Agropecuário sempre mostrou-se 
de alto nível, vindo a contribuir de 
maneira ímpar no setor vitivinícola.

IA - Como é a interação entre os pro-
dutores na cadeia vitivinícola?

José Procópio Stella - Os produtores 
de vinhos de inverno criaram uma as-
sociação para representá-los. Trata-se 
da Associação Nacional dos Produto-
res de Vinhos de Inverno (Anprovin). 
Esta Associação tem o objetivo de 
unir os produtores tanto no setor vi-
tivinícola quanto no setor mercadoló-
gico. Estão sendo criados padrões de 
qualidade e, no futuro, a criação de 
um selo atestando a veracidade dos 
vinhos de inverno.

finalidade de disciplinar e padronizar 
os nossos vinhos para que mantenham 
alto nível de qualidade. Este selo vem 
para valorizar nossa produção, am-
pliar a divulgação desses produtos 
e criar uma identidade para estes vi-
nhos.

IA - Quais as principais dificuldades 
enfrentadas pelo setor vitiviní-
cola?

José Procópio Stella - A dificuldade 
do setor vitivinícola é levar até o con-
sumidor de vinho fino a informação 
da qualidade desses vinhos, visto o 
grande trabalho de marketing dos vi-
nhos importados. Precisamos levar ao 
consumidor a informação de que hoje 
em dia temos vinhos com a mesma 
qualidade dos importados. Os vinhos 
finos da Stella Valentino são produ-
zidos com uvas colhidas no inverno, 
100% locais e traduzem em seu pala-
dar o que há de mais complexo e sur-
preendente.

IA - O senhor já atua com enoturismo. 
Como é esta experiência e quais 
as demandas para incrementar 
esta atividade na região?

José Procópio Stella - A Vinícola 
Stella Valentino foi criada com o obje-
tivo principal de trabalhar com o eno-
turismo. A nossa produção é pequena, 
porém os vinhos são de altíssima qua-
lidade e a intenção é comercializá-los 
dentro da própria Vinícola. Já estamos 
recebendo turistas desde fevereiro de 
2019, os quais têm interesse em co-
nhecer todo o processo produtivo e a 
história da Vinícola.

 Por Vânia Lacerda

A grande vantagem da 
colheita no inverno é ob
ter uma maturação per-
feita das uvas. Com isso, 
levamos para a vinifica-
ção uvas de excelente 
qualidade, o que nos co-
loca no mesmo patamar 
das grandes regiões viti-
vinícolas do mundo que 
produzem vinhos finos.

IA - Qual a sua opinião sobre a cria-
ção do selo “Vinhos de Inverno”?

José Procópio Stella - O selo “Vi-
nhos de Inverno” é uma iniciativa de 
extrema importância para nós produ-
tores, confirmando a grande qualida-
de dos nossos vinhos. Tem também a 
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