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The biocontrol efficiency of Aureobasidium pullulans strain ACBL-77 against Geotrichum citri-aurantii,
causal agent of sour rot in citrus, and their interactions were evaluated. For this, were evaluated the
incorporation of nutrients in optimizing the antagonistic activity of the yeast, the competition for nu-
trients between microorganisms, the effect of nutrients on yeast cell and biofilm production and their
correlation in the biocontrol of disease, the survival of yeast in citrus fruits and the interaction between
microorganisms using scanning electron microscopy. Micronutrients (boric acid, cobalt chloride and
ammonium molybdate) favoured the antagonistic action of A. pullulans. Ammonium sulfate 1% and su-
crose 0.5% favoured the yeast during the competition between the microorganisms. The addition of
ammonium sulfate (1%) in the yeast culture stimulated biofilm production and increased the antagonistic
activity against the disease, as also allowed the better survival of yeast in wounded sites of citrus fruit.
The yeast was found to be able to form biofilms on citrus, deforming the pathogen hyphae. These results
showed the importance of the addition of nutrients in A. pullulans based-formulations when aiming for
their use on a commercial scale. This is the first report of a positive correlation between the increase in

the quantity of biofilm produced by A. pullulans, with increased antagonistic activity.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Postharvest diseases, especially those caused by fungal patho-
gens, present significant economic losses and furthermore, some
decay fungi also produce mycotoxins that represent a risk to human
health (Liu et al., 2017).

During storage, citrus fruits are exposed to the pathogens that
can infect the host through wounds that occur during the harvest,
transport and handling of fruit (Karim et al., 2015). The sour rot
caused by the fungus Geotrichum citri-aurantii (Ferraris) (Butler
et al.,, 1988) is one of the most important diseases of citrus crops,
affecting all species and cultivars in all producing countries (Talibi
et al.,, 2012).

This disease is not controlled by any of the fungicides that are
registered for the control of post-harvest diseases in citrus fruits
during processing in packing houses, such as imazalil, thiabenda-
zole, pyrimethanil, and fludioxonil (Liu et al., 2009; Zhou et al.,
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2014). The fungicides guazatine and propiconazole can control
sour rot, but these fungicides are not registered in many countries,
including Brazil (Brown, 1988; McKay et al., 2012). The sodium o-
phenylphenate (SOPP) has activity against sour rot and it is regis-
tered for use in the post-harvest. However, this product presents
risk of fruit damage (Feng et al., 2011) and, in the Brazil, specially,
this fungicide is on the national list of carcinogenic agents for
humans (Brazil, 2014). According to Hao et al. (2010), the failure to
register a product for the control of this disease has become a
serious problem for the marketing of quality citrus fruit. Therefore,
developing control strategies for G. citri-aurantii has been a chal-
lenge for researchers.

In this context, the use of yeast has shown promising results,
especially in the control of disease in post-harvest fruit (Parafati
et al., 2015; Spadaro and Droby, 2016). Aureobasidium pullulans
De Bary (Arnaud), strain ACBL-77, has been effective in the control
of sour rot of citrus, producing chitinase and killer activity as
possible mechanisms of action against the phytopathogen (Ferraz
et al., 2016).

It is key to know the mechanisms of action of antagonists for the
development of control management technologies during the post-
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harvest phase as well as for the development of commercial for-
mulations and application methods to maximize the use of bio-
logical control agents on a large scale (Parafati et al., 2015; Spadaro
and Droby, 2016).

Data in the literature have shown that A. pullulans has several
mechanisms of action against plant pathogens, such as competition
for space and nutrients (Bencheqroun et al., 2007); the production
of thermostable antifungal compounds (Adikaram et al., 2002),
hydrolytic enzymes (Zhang et al., 2010), protease (Zhang et al.,
2012.), volatile and cell-free compounds (Di Francesco et al.,
2015a, 2015b.), killer toxins (Ferraz et al.,, 2016.), and the anti-
biotic aureobasidin (AbA) (Liu et al., 2007); and the induction of
plant defence responses (Ippolito et al., 2000).

In addition, A. pullulans strains may produce secondary metab-
olites such as extracellular polysaccharides (EPSs). The amount of
these EPSs produced can be affected by the concentration of
different nitrogen sources during the cultivation of the microor-
ganism (Jiang et al., 2011). In this regard, according to Ravella et al.
(2010), microorganisms aggregate and form a biofilm by creating a
network of cells and EPSs, forming a gel that acts to keep the mi-
croorganisms in the biofilm attached, causing adhesion to surfaces
and protecting it from adverse conditions.

Many factors may influence biofilm formation by yeast and the
primary initial attachment of the organism to plant tissue, which
is mediated by specific proteins anchored by glyco-
sylphosphatidylinositol present in the yeast cell wall (Finkel and
Mitchell, 2011; Pu et al., 2014).

The production of pullulan, an EPS produced by A. pullulans, can
be stimulated by the addition of ammonium sulfate or ammonium
nitrate (Bulmer et al., 1987; Ravella et al., 2010) to the culture
medium, influencing the production, composition and efficiency of
these EPSs. Therefore, to improve the viability and biocontrol effi-
ciency of this agent during post-harvest, studies should be con-
ducted in combination with nutrients to optimize its antagonistic
performance (Vero et al., 2009).

In this work, we evaluated (i) the incorporation of nutritional
sources to optimize the antagonistic activity of the yeast; (ii) the
competition for nutrients between the microorganisms; (iii) the
effect of the nutrients in yeast cell and biofilm production and their
correlation with the biocontrol of the pathogen; (iv) the survival of
the yeast in citrus fruits and, finally (v) the interaction between the
microorganisms using scanning electron microscopy.

2. Materials and methods
2.1. Microorganisms

The Aureobasidium pullulans strain ACBL-77 was obtained from
citrus (Ferraz et al., 2016), and the Geotrichum citri-aurantii strain
was obtained from citrus fruit showing symptoms of disease. Both
isolates were identified by molecular technique and are deposited
in the microorganism collection of the APTA Center Citrus “Sylvio
Moreira”[IAC, Cordeirépolis, state of Sao Paulo, Brazil.

2.2. Effect of nutrient sources on the antagonistic activity of
Aureobasidium pullulans

This experiment aimed to determine the effects of the addition
of nitrogen and micronutrient sources to potato dextrose agar
medium (PDA) used in the cultivation of strain ACBL-77, measuring
the inhibition of mycelial growth of G. citri-aurantii. The sources of
nitrogen used were urea (CH4N;0), ammonium sulfate
((NH4)2S04), ammonium nitrate (NH4NO3), tryptone and potassium
nitrate (KNO3) at concentrations of 0.02, 0.1 and 0.5% (w/v). The
micronutrients tested were boric acid (H3zBOg4), copper sulfate

(CuS04-5H,0), manganese sulfate (MnSOg4-H>0), cobalt chloride
(CoCly-12H,0), ferric chloride (FeCls), zinc sulfate (ZnSO4) and
ammonium molybdate ((NH4)gMo7024-4H,0) with final concen-
trations of 0.05, 0.2 and 1 mM, respectively (this protocol was
adapted from Wiyono et al., 2008).

Fifty millilitres of sterile liquid potato-dextrose broth
(PDB) + nutrient plus 1 mL of yeast suspension (1 x 107 cells mL™1)
was added to Erlenmeyer flasks. The cultures were incubated at
25 °C on a shaker at 150 rpm for 72 h. After incubation, the
fermentation broths were filtered through sterile filter paper, and
later, samples of 10 mL of each filtrate were transferred to Erlen-
meyer flasks (250 mL capacity) containing 90 mL of melted PDA.
Before autoclaving the culture medium, the pH was then adjusted
to 5.5 with perchloric acid 0.1%, and the media were poured into
Petri dishes. After the media solidified, a 5-mm G. citri-aurantii
culture disk was placed in the center of each plate. For the control,
G. citri-aurantii was grown on PDA medium without nutrients.

The Petri plates were incubated in a BOD (Biochemical Oxygen
Demand) chamber at 25 °C for 9 days with a 12 h photoperiod, and
the growth of G. citri-aurantii was assessed by measuring the mean
diameter of each colony in two perpendicular directions.

The nutrients that were most efficient in controlling the myce-
lial growth of G. citri-aurantii were used in combination to optimize
the antagonistic activity of the yeast isolate.

The best nutrients were also evaluated individually to deter-
mine their effects on the mycelial growth of the pathogen. To this
end, we followed the same methodology described above, but
without the presence of yeast, to observe the direct effects of the
nutrients on the development of the pathogen.

A completely randomized design with six replicates was used in
all the experiments.

2.3. Competition for nutrients between Aureobasidium pullulans
and Geotrichum citri-aurantii

For the study of competition for nutrients between the yeast and
the phytopathogen, agar-coated microscope slides were prepared
with different sources of nitrogen (leucine, phenylalanine, proline
and ammonium sulfate at concentrations of 0.5 and 1.0%), carbon
(sucrose, maltose, galactose and fructose at concentrations of 0.5
and 1.0%) (Zhang et al., 2011) and micronutrients (boric acid, cobalt
chloride and ammonium molybdate chloride at a concentration of
1 mM), according to the methodology of Ferraz et al. (2016).

Ten microliters of a G. citri-aurantii suspension (1 x 10° conidia
mL~1) and 10 pL of a yeast suspension (1 x 107 cells mL~') were
applied onto pre-marked locations on the slides with agar-water,
with the addition of different nutrient sources, and the cultures
were incubated in a BOD chamber at 25 °C with a 12 h photoperiod
for 16 h. Only agar-water was used for the control. Nutrient
competition was assessed by counting the number of germinated
conidia among 100 randomly selected conidia. The conidia were
considered fully germinated when the length of the germ tube was
at least the size of the swollen conidia. A completely randomized
design with eight replicates was used in all the experiments.

2.4. Effect of nutrient sources in the culture medium on the
production of viable cells by Aureobasidium pullulans

Based on the results of the previous experiments, the best nu-
trients were chosen: ammonium sulfate 1%, sucrose 0.5%, boric acid
1 mM, cobalt chloride 1 mM and ammonium molybdate 1 mM.

One millilitre of the yeast suspension (1 x 107 cells mL~!) was
transferred to Erlenmeyer flasks containing 99 mL of YMM medium
(containing 1 mL of stock solution 1% MgSOg4-7H50, 2.2%
CaCly-5H50, 2.2% KyHPO4, 0.2% FeCls in 0.1 M HCl + 10 mL of 11%
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CsHgNO4Na + 100 mL 10% glucose, with the volume adjusted to 1 L)
to observe the direct effect of the nutrients. For the control, the
yeast was cultivated in YMM medium without the addition of
nutrients.

The cultures were incubated at 25 °C on a shaker at 150 rpm.
One millilitre was removed from each culture at different times: 0,
12, 24, 36, 48, 72, 96, 120, 144, 168 and 192 h using the decimal
dilution technique, and these samples were then plated on PDA
media. The evaluation was performed by counting the colony-
forming units 48 h after plating. The density of the yeast was
expressed in logio CFU mL~". A completely randomized design with
four replicates was used in all the experiments.

2.5. Effects of nutrient sources on biofilm production by
Aureobasidium pullulans

Biofilm production was evaluated following the partial modifi-
cation of a previously described procedure (O'Toole and Kolter,
1998). The crystal violet (CV) methodology was used to quantify
the biofilm formation by yeast. A suspension (20 mL) of A. pullulans
(1 x 10° cells mL~!) was transferred to Erlenmeyer flasks con-
taining 180 mL of BD. This culture was incubated at 25 °C on a
shaker at 150 rpm for 72 h. The yeast concentration was adjusted to
1 x 107 cells mL~! and was used as the initial inoculum.

Aliquots of 100 pL of the initial inoculum were added to tubes
containing 10 mL of YMM medium plus nutrients (ammonium
sulfate 1%, sucrose 0.5%, boric acid 1 mM, cobalt chloride 1 mM and
ammonium molybdate 1 mM). For the control (blank), YMM
without yeast growth was used. The cultures were incubated at
25 °C on a shaker at 150 rpm until the stationary growth phase
according to the data from the previous experiment. A total of eight
tubes were used as replicates.

For the quantification of the biofilm, the medium was gently
removed, and the tubes were washed with 0.9% NaCl and stained
with 0.1% CV. After incubation for 30 min, the unbound CV was
removed, and the tubes were washed three times with distilled
water. The CV in each tube was solubilized by the addition of 10 mL
of ethanol 70%, and the absorbance (A) was measured at 590 nm
(UV/Vis Spectrometer Lambda Bio, Perkin Elmer).

Another experiment was conducted under the same conditions
by adding 100 pL of a G. citri-aurantii suspension (1 x 10° conidia
mL~1) cultivated in BD for 5 days at 150 rpm alone or in combi-
nation with an aliquot of yeast to tubes containing YMM medium
with different nutrients added or not to verify the influence of
fungal presence on biofilm formation by the yeast strain.

2.6. Antifungal activity of Aureobasidium pullulans in vivo

Citrus fruits were obtained from commercial orchards in Lime-
ira, Brazil. Surface disinfected by dipping for 1 min in 1% (w/v) of
sodium hypoclorite (NaClO) solution, rinsed with sterile distilled
water and then air-dried.

Commercially mature Pera orange (Citrus sinensis (L.) Osbeck)
fruits were obtained from a packing house in the city of Limeira, Sao
Paulo, Brazil. Citrus fruits had not received any pre-harvest fungi-
cide treatment. Healthy and homogenous citrus were selected and
randomly assigned to different treatments. Before inoculation and
treatment, fruits were washed with neutral detergent, and super-
ficially disinfected with Dioxiplus® (stabilizing chlorine dioxide
base, 2 mL/L) for 2 min and then rinsed in distilled water to elim-
inate the product. The fruits were wounded to a depth of 3 mm at
two equidistant points in the median region with sterile needles,
and 20 pL of a G. citri-aurantii conidial suspension (1 x 10° conidia
mL~1) was inoculated into the wounded area, which was treated
24 h later with the yeast (the curative treatment). For the

preventive treatment, the fruits were wounded, treated with the
yeast and then inoculated with the pathogen 24 h later.

For the treatments, a suspension of the strain ACBL-77 con-
taining 1 x 107 cells mL~! adjusted by a direct microscopic count
using a Neubauer’s Chamber, obtained from the yeast colonies after
culturing them on PDA medium for 48 h was transferred into
Erlenmeyer flasks containing 100 mL YMM medium with different
nutrients added. Therefore, the treatments were (i) only YMM,; (ii)
YMM + ammonium sulfate 1%; (iii) YMM + sucrose 0.5%; (iv)
YMM + boric acid1 mM; (v) YMM + cobalt chloride 1 mM and (vi)
YMM -+ ammonium molybdate 1 mM. The bottles were then sub-
jected to constant agitation until the stationary phase according to
the results obtained in item 2.3. The final concentration of yeast in
all treatments was 1 x 107 cells/mL~. The fungicide Thiabenda-
zole® (2.0 mL/L) was included as a treatment; although it is not
effective in controlling the disease, this product is widely used in
packing houses in Brazil. The control fruits were treated with sterile
distilled water instead of another treatment.

After inoculation with G. citri-aurantii and the application of
treatments, the fruits were stored for 15 days at 25 + 3 °C and
90+ 3% relative humidity (RH). The incidence was expressed as the
percentage of infected fruits observed on day 15. To analyse the
in vivo test, the treatments were arranged in a completely random
design, with each treatment consisting of three replicates with 25
fruits per replicate.

2.7. Colonization of citrus wounds by Aureobasidium pullulans

The ability of A. pullulans cells to survive and multiply in
wounded sites of citrus fruit was determined as follows.
Commercially mature Pera orange fruits were disinfected with 70%
ethanol, rinsed in fresh water, wounded, and injected with 30 pL of
a washed cell suspension of A. pullulans at 1 x 107 cells mL™!
(adjusted by a direct microscopic count using a Neubauer’s
Chamber) that had been previously cultivated in YMM medium
with or without the addition of Tammonium sulfate 1%. Later, the
fruits were stored in plastic boxes wrapped with high density
polythene (H x W x D = 14 x 30 x 36.5 cm) and incubated at 25 °C
and 10 + 3 °C and 90+ 3% RH.

The yeast population was monitored every 2 days until 16 days
of storage at 25° C and every 5 days until 30 days of storage at 10 °C.
The entire wound was excised from the fruit with a cork borer
(0.5 cm diameter), placed in 10 mL sterile 0.05 M potassium
phosphate buffer at pH 7.0, and ground thoroughly with a mortar
and pestle. Tenfold serial dilutions of the slurry were made, and
100 pL of each dilution was spread onto PDA medium (with the
addition of 0.1 g of ampicillin and 0.1 g of nalidixic acid/L). The
cultures were incubated at 25 °C for 72 h before the colony counts
were conducted. The population densities of A. pullulans are
expressed as logip CFU/wound. The individual fruit wound served
as one replicate in a randomized complete block design, and 5
replicates were sampled at each sampling time (this protocol was
adapted from Luo et al., 2012).

2.8. Electron microscopy study of the interaction between
Geotrichum citri-aurantii and Aureobasidium pullulans at the
infection site

Surface colonization and attachment of A. pullulans at wound
sites were examined according to Mekbib et al. (2011). Commer-
cially mature Pera orange fruits were washed with mild detergent,
the surface was disinfected with Dioxiplus® (2 mL/L), and they were
injured with sterile needles to a depth of 3 mm. The wounds were
treated with 30 pL of a suspension of A. pullulans (1 x 107 cells
mL~1) after cultivation on YMM medium with or without the
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addition of ammonium sulfate 1% at 25 °C and 150 rpm for 96 h.
Inoculation of the phytopathogen occurred 24 h after the treatment
with yeast using a 30 pL suspension of the fungus (1 x 10° conidia
mL~1). The control fruits were treated with sterile distilled water
instead of another treatment. The fruits were stored in plastic boxes
wrapped with high density polythene and incubated at 25 °C and
10 + 3 °C and 90+ 3% RH.

The samples were taken 48 and 72 h after inoculation. To this
end, the entire wound was excised from the fruit with a cork borer
(0.5 cm diameter) and immersed in glutaraldehyde (2.5%) in 0.1 M
phosphate buffer at pH 7.3 for 24 h. The samples were washed 5
times over 1 h with distilled water, immersed in 0.5% osmium te-
troxide and dehydrated in a series of ethanol concentrations before
critical point drying. The dried tissues were mounted on aluminium
stubs coated with gold-palladium, and electron micrographs were
produced using a Quanta 200 scanning electron microscope (FEI
Company) operating at 6 kV.

2.9. Statistical analysis

The data were analysed by ANOVA, and the mean values were
compared with Tukey’s test at the 5% significance level using the
ASSISTAT 7.6 software package. All experiments were repeated
twice.

3. Results

3.1. Effect of nutrient sources on the antagonistic activity of
Aureobasidium pullulans

The data from the addition of sources of nitrogen and micro-
nutrients to the culture medium to increase the antagonistic ac-
tivity of A. pullulans on the mycelial growth of G. citri-aurantii
showed that the micronutrients were more efficient in facilitating
the antagonistic action of yeast. The addition of nutrients in the
cultivation of yeast, including cobalt chloride, ammonium molyb-
date and boric acid at a concentration of 1 mM, showed the best
results, with inhibition percentages of G. citri-aurantii colonies of
77, 80 and 100%, respectively, compared with the control, which
was constituted of the fungus grown without micronutrients
(Table 1).

None of the nutrients tested affected the mycelial growth of
G. citri-aurantii when tested on the pathogen directly (without
yeast), demonstrating that these nutrients have no antifungal effect
on the pathogen. The mixture of the best nutrients was not found to
favour the antagonism of ACBL-77 (data not shown).

3.2. Effect of different sources of nutrients on the competition
between Aureobasidium pullulans and Geotrichum citri-aurantii

The results of the study of competition for nutrients on the in-
teractions between A. pullulans ACBL-77 and G. citri-aurantii eval-
uated by spore germination of the pathogen are displayed in
Table 2. The addition of nutrients in treatments such as ACBL
-77 + ammonium sulfate 1%, ACBL-77 + boric acid 1 mM, ACBL-
77 + sucrose 0.5% and ACBL-77 + cobalt chloride 1 mM, promoted
the inhibition of the spore germination of the phytopathogen at
percentages of 92, 89, 87 and 86%, respectively. These values are
higher than those found when the yeast was used without nutri-
ents (71% inhibition of germination). The control treatment
(pathogen + nutrients and without yeast) showed an increase in
the germination of conidia of G. citri-aurantii.

3.3. Effect of nutrient sources in the culture medium on the
production of cells by Aureobasidium pullulans

The data for the effect of nutrients on the production of cells by
A. pullulans are reported in Fig. 1. According to the previous results,
five different nutrients were chosen for this study: ammonium
sulfate 1%; sucrose 0.5%; boric acid 1 mM; cobalt chloride 1 mM and
ammonium molybdate 1 mM. The direct effects of these nutrients
on cell production by A. pullulans ACBL-77 were evaluated using
YMM medium with or without these nutrients over different in-
cubation periods.

The yeast cultivated with the addition of ammonium sulfate 1%
showed a higher peak production of colony forming units
(143 x 107 CFU mL~!) by approximately 48 h of incubation. The
peak cell production of A. pullulans grown without any other nu-
trients was observed at the same time; however, the addition of
ammonium sulfate 1% resulted in the same concentration of viable
cells up to 144 h of incubation. In the control treatment (without
nutrients), the decline phase was much faster. With the addition of
sucrose 0.5% to the medium, 96 h of incubation was sufficient for
most yeast growth, but the decline phase in this treatment was
faster, as well. The nutrients cobalt chloride and/or ammonium
molybdate (1 mM) do not allow the growth of ACBL-77, so that
during the first 48 h the yeast remains in the lag phase. After this
time, the decline phase starts.

3.4. Biofilm formation

The study of the interference of the addition of nutrients in the
yeast culture in terms of the quantification of biofilm formation by
A. pullulans showed a significant increase in biofilm formation with
the addition of ammonium sulfate 1% compared with the yeast
cultivated without other nutrients. When cobalt chloride or
ammonium molybdate, both at a concentration of 1 mM, was added
to the medium, inhibition to biofilm formation by the strain ACBL-
77 occurred (Fig. 2).

Except for the treatment with ammonium sulfate 1%, the
pathogen’s presence in the cultivation of yeast caused a reduction
in biofilm formation by the antagonist (Fig. 3).

3.5. Antifungal activity of Aureobasidium pullulans in vivo

The efficacies of different nutrients added to yeast cultures in
reducing sour rot are reported in Figs. 4 and 5. In detail, the fruits
treated with A. pullulans ACBL-77 cultured in YMM without other
nutrients showed 65 and 85% curative and preventive control,
respectively. When the yeast was cultivated in YMM with ammo-
nium sulfate 1% added, the control rates were significantly higher,
showing 82—100% curative and preventive control, respectively.

The treatments with the other nutrients and chemical control
(Thiabendazole®) did not show efficiency in the control of sour rot
of citrus fruits, showing results that were equal to those of the
control (untreated fruits).

3.6. Colonization of citrus wound by Aureobasidium pullulans

The population dynamics of A. pullulans ACBL-77 on artificially
wounded citrus fruits are displayed in Fig. 6. The yeast was able to
quickly colonize citrus wounds under the two storage conditions
(25 and 10 °C). The concentration of yeast cells increased tenfold
compared to the initial inoculum (1 x 108 CFU wound™!) after two
days of incubation and gradually became stable (stationary phase)
between 8 and 10 days under both storage temperatures. After this
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Table 1

Effect of nitrogen sources and micronutrients on Aureobasidium pullulans strain ACBL-77 antagonistic activity on the mycelial growth of

Geotrichum citri-aurantii.

Colony size (cm) of G. citri-aurantii

% Inhibition

Treatments

Urea 0.02% 6.75b?
Urea 0.1% 6.87 b
Urea 0.5% 795 a
Ammonium sulfate 0.02% 592 c
Ammonium sulfate 0.1% 445e
Ammonium sulfate 0.5% 3.92f
Ammonium nitrate 0.02% 7.00 b
Ammonium nitrate 0.1% 545d
Ammonium nitrate 0.5% 642 b
Tryptone 0.02% 6.77 b
Tryptone 0.1% 7.07 b
Tryptone 0.5% 545d
Potassium nitrate 0.02% 7.00 b
Potassium nitrate 0.1% 6.57 b
Potassium nitrate 0.5% 712 a
Boric acid 0.05 mM 522d
Boric acid 0.2 mM 317¢g

Boric acid 1 mM 0i

Copper sulfate 0.05 mM 6.00 ¢
Copper sulfate 0.2 mM 6.82b
Copper sulfate 1 mM 465e
Zinc sulfate 0.05 mM 6.17 c
Zinc sulfate 0.2 mM 6.67 b
Zinc sulfate 1 mM 532d
Manganese sulfate 0.05 mM 6.20 ¢
Manganese sulfate 0.2 mM 6.20 ¢
Manganese sulfate 1 mM 6.00 c
Cobalt chloride 0.05 mM 557d
Cobalt chloride 0.2 mM 6.52 b
Cobalt chloride 1 mM 187 h
Ferric chloride 0.05 mM 6.97 b
Ferric chloride 0.2 mM 6.10 c
Ferric chloride 1 mM 5.10d
Ammonium molybdate 0.05 mM 6.25 ¢
Ammonium molybdate 0.2 mM 5.55d
Ammonium molybdate 1 mM 1.67 h
ACBL-77 (without nutrients) 582c¢
Control (only G. citri-aurantii) 8.30 a

18.67
17.22
421

28.67
46.38
52.77
15.76
34.33
22.65
18.43
14.81
34.33
15.76
20.84
14.21
37.10
61.80
100

27.71
17.83
43.97
25.66
19.63
35.90
25.30
2530
27.71
32.89
21.44
77.46
16.02
26.50
38.55
24.69
33.13
79.87
29.87

2 Means followed by the same lowercase letter are not significantly different according to Tukey'’s test (P < 0.05).

period, the yeast cell production was 4.42 log '° CFU wound~! on
the 14th (25 °C) and 20th days of storage (10 °C). At the end of the
evaluations, the concentration of yeast cells decreased to 3.35 log
10 cFU wound~! and 3.25 log ° CFU wound~! under the storage
conditions of 25 °C and 10 °C, respectively. These decreases were
lower when the yeast was cultivated with ammonium sulfate 1%,
with the antagonist cell concentrations dropping to 4.65 log '° CFU
wound~! and 4.42 log '° CFU wound~! under the fruit storage
conditions of 25 °C and 10 °C, respectively.

3.7. Electron microscopy study of the interaction between
Geotrichum citri-aurantii and Aureobasidium pullulans at the
infection site

The development of G. citri-aurantii in citrus wounds previously
treated with A. pullulans cultured in YMM with or without the
addition of ammonium sulfate 1% was assessed by observation
under a scanning electron microscope 48 and 72 h after inoculation
with the pathogen, as reported in Fig. 7. For the two sampling times,
deformation and swelling in the hyphae of the pathogen was
observed in the two treatments when compared to the control
(G. citri-aurantii, untreated).

The treatments with the strain ACBL-77 caused damage to the
pathogen hyphae (Fig. 7A—B). However, when the yeast was
cultured in the medium with added ammonium sulfate 1%, the
accumulation of extracellular matrix and the clustering of cells

around the wound and therefore around the hyphae was observed,
mainly in the sample taken 72 h after inoculation with G. citri-
aurantii (Fig. 7C—D). In the control treatment, the conidia and hy-
phae showed no deformation (Fig. 7 E).

4. Discussion

The use of yeast antagonists to control postharvest diseases is a
promising technology for the complete or partial reduction of
chemicals commonly used during the processing of fruit in packing
houses. The main mechanisms of action attributed to these mi-
croorganisms include the competition for space and nutrients,
biofilm formation and the production of hydrolytic enzymes, which
favour biocontrol during the postharvest period (Liu et al., 2013;
Parafati et al., 2015; Spadaro and Droby, 2016). The antagonistic
interactions between A. pullulans strain ACBL-77 and G. citri-aur-
antii were studied by varying the sources of nutrients in the yeast
culture medium.

The micronutrients cobalt chloride, ammonium molybdate and
boric acid (all at 1 mM) were efficient, enhancing the antagonistic
action of the yeast and decreasing the mycelial growth of the
pathogen (Table 1). According to Conrad et al. (2014), each micro-
nutrient has specific mechanisms in regulating cell growth, which
can interfere with protein synthesis in each microorganism and
cause changes in their enzymatic pathways and the regulation of
the expression of ribosomal genes. Accordingly, this interference
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Table 2

Competition for nutrients between Aureobasidium pullulans and Geotrichum citri-aurantii.

Treatments % conidial germination % inhibition conidial germination
ACBL-77 (without nutrients) 28.83g*? 71.28
Ammonium sulfate 0.5% 96.66 a 3.34
Ammonium sulfate 1% 98.66 a 1.40
ACBL-77 + Ammonium sulfate 0.5% 15.66 i 84.34
ACBL-77 + Ammonium sulfate 1% 8.33]j 91.67
Phenylalanine 0.5% 97.50 a 2.50
Phenylalanine 1% 96.83 a 3.17
ACBL-77 + Phenylalanine 0.5% 19.66 h 80.34
ACBL-77 + Phenylalanine 1% 11.33j 88.67
Leucine 0.5% 93.66 a 6.34
Leucine 1% 89.00 b 11.00
ACBL-77 + Leucine 0.5% 2450 g 75.50
ACBL-77 + Leucine 1% 17.50 i 82.50
Proline 0.5% 98.66 a 134
Proline 1% 97.00 a 3.00
ACBL-77 + Proline 0.5% 2350¢g 76.50
ACBL-77 + Proline 1% 4433 e 55.67
Sucrose 0.5% 94.50 a 5.50
Sucrose 1% 9583 a 417
ACBL-77 + Sucrose 0.5% 12.66j 87.34
ACBL-77 + Sucrose 1% 4283 e 57.17
Maltose 0.5% 98.16 a 1.84
Maltose 1% 9833 a 1.67
ACBL-77 + Maltose 0.5% 2450 g 75.50
ACBL-77 + Maltose 1% 38.66 f 61.34
Galactose 0.5% 95.83 a 417
Galactose 1% 95.66 a 4.34
ACBL-77 + Galactose 0.5% 2250¢g 77.50
ACBL-77 + Galactose 1% 2650 ¢g 73.50
Fructose 0.5% 9533 a 4.67
Fructose 1% 96.50 a 3.50
ACBL-77 + Fructose 0.5% 18.50 h 81.50
ACBL-77 + Fructose 1% 19.16 h 80.84
Boric acid 1 mM 81.50 ¢ 18.50
ACBL-77 + Boric acid 1 mM 11.33j 88.67
Cobalt chloride 1 mM 66.66 d 33.34
ACBL-77 + Cobalt chloride 1 mM 13.83 i 86.17
Ammonium molybdate 1 mM 99.00 a 1.00
ACBL-77 + Ammonium molybdate 39.83f 60.17
Control (only G. citri-aurantii) 69.00 d 31.00
2 Means followed by the same lowercase letter are not significantly different according to Tukey’s test (P < 0.05).
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Fig. 1. Viable cell production by Aureobasidium pullulans strain ACBL-77 cultivated in
YMM medium with different sources of nutrients over different incubation periods.
Error bars indicate standard deviations (+SD) of four replications.

may affect the performance of the antagonist both positively and
negatively, for example in the production of some metabolites. In
this study, the micronutrients added to the yeast culture were
observed to favour the antagonistic activity of A. pullulans, inhib-
iting the development of G. citri-aurantii.

In the study of competition for nutrients between the yeast and
the phytopathogen, in addition to the micronutrients, ammonium
sulfate 1% and sucrose 0.5% caused an increase in the percentage of
inhibition of conidial germination compared with that observed for
the yeast growing without nutrients (Table 2). Studies in vitro and

Fig. 2. Biofilm formation by Aureobasidium pullulans strain ACBL-77 cultivated in YMM
medium with different nutrients. Control indicates yeast cells grown without any
nutrients. The data represent the mean of six replicates. Means followed by the same
letter do not differ statistically by Tukey’s test (p > 0.05).

in vivo on the competition for nutrients between A. pullulans and
Penicillium expansum on apples conducted by Bencheqroun et al.
(2007) showed a reduction in the pathogen spore germination
and thus the competition for amino acids between these microor-
ganisms. Furthermore, the authors observed a reduction in the
severity of the disease, with a reduction in the size of lesions by up
to 97%. Mari et al. (2012) related that A. pullulans were efficient in
the biological control of Colletotrichum acutatum (bitter rot) and
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Fig. 3. Biofilm formation by Aureobasidium pullulans strain ACBL-77 cultivated with
different nutrients in YMM medium with or not the presence of Geotrichum citri-
aurantii. The data represent the mean of six replicates. Means followed by the same
letter do not differ statistically by Tukey’s test (p > 0.05).
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Fig. 4. In vivo antagonistic activity of Aureobasidium pullulans strain ACBL-77
(1 x 107 cells mL~") cultivated in YMM medium with or without the addition of nu-
trients for the biocontrol of Geotrichum citri-aurantii (1 x 10° conidia mL™') on Pera
orange fruits. A - Preventive treatment; B - Curative treatment. The fruits were incu-
bated at 25 + 3 °C and 90+ 3% relative humidity for 15 days. Means followed by the
same letter do not differ statistically by Tukey’s test (p > 0.05).

P. expansum (blue mould) and specially Botrytis cinerea, with total
control of grey mould in apple fruit. Already Liu et al. (2010) re-
ported that applications of cell suspension of Cryptococcus laurentii
in citrus fruits reduced the sour rot incidence approximately 55%.
The growth curves of A. pullulans strain ACBL-77 showed that
the stages of development of the yeast were influenced by the
nutrient sources used in the culture medium. In this work the
addition of ammonium sulfate 1% to the medium promoted a
greater production of active colonies at 48 h; and the stationary
phase was extended to up to 144 h of incubation (Fig. 1). Our results
are similar with those reported by Ouedraogo et al. (2017), ac-
cording to these authors, the supplementation of medium with
nitrogen source enhanced the Candida utilis biomass production.
The biofilm production of A. pullulans occurs in the stationary
phase (Ravella et al., 2010), and an increase in this stage, depending
on the nutrient, also allowed an increase in the production of
biofilm (Fig. 2). Our results are in accordance with data reported by
Yurlova and Hoog (1997), showing that EPSs can be stimulated by
the concentration of different nitrogen sources during the culture
of microorganisms. Ravella et al. (2010) and Bulmer et al. (1987)

Fig. 5. Pera orange inoculated with Geotrichum citri-aurantii (1 x 10° conidia mL™1)
and treated preventively with a suspension of A. pullulans (1 x 107 cells mL™'): A -
ACBL-77 grown on YMM medium plus ammonium sulfate 1%; B - ACBL-77 grown on
YMM medium; C — untreated fruits. The fruits were incubated at 25 + 3 °C and 90+ 3%
relative humidity for 15 days.
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Fig. 6. Population dynamics of Aureobasidium pullulans strain ACBL-77 cultured on
YMM medium with or without ammonium sulfate 1% and applied to citrus fruit
wounds and stored at A — incubated at 25 °C for 16 days, and B — incubated at 10 °C for
30 days. The fruits were incubated at 90+ 3% relative humidity. Each point represents
the mean of five replicates. Error bars indicate standard deviations (+SD) of five
replications.

found increased pullulan production with the addition of ammo-
nium sulfate and ammonium nitrate in the medium used to culti-
vate A. pullulans, respectively. On the other hand, our data are not
consistent with those published by Parafati et al. (2015), in which
the authors demonstrated that A. pullulans showed high wound
colonization capacity in grapes but no biofilm formation in vitro.
According to Droby et al. (2009), biofilm formation is a process
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Fig. 7. Scanning electron micrographs of wound sites on orange fruits treated with
Aureobasidium pullulans strain ACBL-77 and inoculated with Geotrichum citri-aurantii.
The sequence of micrographs in each photo was taken after 48 and 72 h of incubation
time at 25 °C, respectively. A-B - ACBL-77 cultivated in YMM medium; C-D - ACBL-77
cultivated in YMM medium plus 1% ammonium sulfate; E — untreated fruit. The arrows
indicate: A) possible mycoparasitism; B and C) deformation in the pathogen hyphae;
D) accumulation of ACBL-77 cells around the wound and hyphae; E) Normal hyphae
and conidia.

in which microorganisms form multicellular structures embedded
in a complex matrix that allows them to better adhere to surfaces,
increasing their resistance to stresses. Therefore, biofilm formation
may be considered an important feature for postharvest biocontrol
agents during the colonization of the substrate and fruit wounds.
Thus, under in vivo conditions, the applications of yeast (without
nutrient) were efficient, but when the ACBL-77 grown in media
containing ammonium sulfate 1% showed the best control when
the incidence of sour rot was evaluated (Figs. 4 and 5). These results
indicate that the increase in biofilm may have improved biocontrol.
According to Spadaro (2014), biofilm formation capacity in surface
wounds is a strong biocontrol mechanism of antagonistic micro-
organisms. Scherm et al. (2003) reported that only cells collected
from the biofilm phase of Saccharomyces cerevisiae isolate were
effective in the control of P. expansum in apple fruit. Vero et al.
(2013) associated the antagonistic activity of Leucosporidium scot-
tii against P. expansum and B. cinerea in apples by the biofilm pro-
duced from the antagonistic. According to Pu et al. (2014), Kloeckera
apiculate, an isolate able to embed in an extracellular matrix and
produce biofilm on citrus fruit showed greater biocontrol ability
against Penicillium italicum. Chi et al. (2015) related that the biofilm
production by Pichia kudriavzevii improved the biocontrol of
B. cinerea and Colletotrichum gloeosporioides on pear fruits.
Furthermore, according to Li et al. (2015) the morphology transition

from a single-cell to a pseudohyphal/biofilm of the yeast Candida
diversa improves the biocontrol of B. cinerea in apple and kiwifruit.

Regarding the importance of studies on various nutrient sources
used in combination with antagonistic yeasts, Droby et al. (2003)
used various salts (sodium bicarbonate, calcium propionate and
sodium ethylenediaminetetraacetic acid) in combination with the
Aspire® bioproduct (Candida oleophila based-formulation),
showing that the nutrients exhibited the ability to significantly
improve biocontrol against B. cinerea and P. expansum in apple and
Monilinia fructicola and Rhizopus stolonifer in peach.

The rapid growth and high population density of antagonistic
microorganisms in fruit wounds are advantages allowing them to
compete with pathogens for nutrients and space and are consid-
ered important modes of action in many biological control systems
during the postharvest period (Liu et al., 2013). The rapid multi-
plication of A. pullulans in citrus fruit wounds indicated that this
strain colonizes and establishes in fruit wounds, thereby allowing it
to function as a biocontrol agent. In this work addressing the
population dynamics of A. pullulans in orange fruits, yeast previ-
ously grown in media supplemented with a source of nitrogen
(ammonium sulfate 1%) ensured better stability for their cell
viability, allowing the greater production of colony-forming units of
yeast for a longer period of time (Fig. 6).

One hypothesis for the success of the incorporation of ammo-
nium sulfate into the yeast culture medium is that ammonium ions
are transported by an energy-dependent system (ATP). This trans-
port system appears to be the reason for the acceleration of yeast
respiration and fermentation. The effects of the ammonium ion on
the phosphofructokinase reaction cannot be overlooked; however,
the concentration of this ion in the cell may have an effect on en-
zymes related to nitrogen metabolism, such as glutamate-ammonia
ligase. Another reason for the acceleration of metabolism could be
the increased efficiency of biosynthetic pathways (Nielsen, 1997).
Furthermore, according to Broach (2012), the addition of ammo-
nium to the yeast cell culture may change transcription, including
the induction of genes required for the growth of the
microorganism.

In fact, the use of ammonium sulfate 1% improves the antagonist
action of the A. pullulans strain ACBL-77, as demonstrated in the
in vivo assays, most likely because this nitrogen source increased
biofilm production. The biofilm possibly optimizes yeast survival on
wounded citrus during the storage of the fruit.

The scanning electron microscopy observations indicated that
the treatment with A. pullulans ACBL-77 caused damages to the
pathogen hyphae. It is verified that the yeast cultured into medium
with addition of ammonium sulfate (1%) and applied on wounded
fruits, there was accumulation of extracellular matrix and
agglomeration of yeast cells around the wound and, therefore,
around the hyphae. Furthermore, probably, the addition of this
nitrogen source facilitated the rapid colonization of yeast in fruit
wounds, which may explain the better results found when applying
ACBL-77, cultivated previously in medium with addition of
ammonium sulfate (1%), favouring survival of yeast in citrus fruits.
Lima et al. (2013) described about colonization and adhesion of
yeasts Wickerhamomyces anomalus and Meyerozyma guilliermondii
on hyphae of Colletotrichum gloeosporioides, after studies in elec-
tron microscopy, confirming the occurrence of mycoparasitism of
the antagonists. In addition, extracellular matrices of antagonistic
yeasts can lyse the fungal hyphae, increasing the source of available
nutrients, such as carbon, which can be used by the biological
control agent (Zhang et al., 2010).

5. Conclusions

These results show the importance of the addition of nutrients
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and the types of nutrients used in future A. pullulans based-
formulations for use on a commercial scale. Moreover, this is the
first report of a positive correlation between an increase in the
quantity of biofilm produced by yeast depending on the nutrient
added to culture medium and a consequent increase in its antag-
onistic activity against G. citri-aurantii.

This informations should be taken into account for further
studies, particularly when deciding formulation. Furthermore,
more studies should be performance about others substances
produced by A. pullulans ACBL-77 that be related to the biocontrol
of G. citri-aurantii with biotechnological potential.
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