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Sour rot is @ major postharvest disease of citrus fruit and is caused by the fungal pathogen Geotrichum
citri-aurantii. A lack of chemicals certified for the control of this disease has led to the consideration of
alternative methods and strategies, such as the use of yeasts as biocontrol agents. The purpose of the
present study was to test the ability of yeasts isolated from leaves, flowers, fruit, and soil, and six Sac-
charomyces cerevisiae isolates to control citrus sour rot, to assess the mechanisms of action of the yeast
isolates that were demonstrated to be effective for biocontrol, and to identify the most effective yeast

get{ uwsosrg; isolates for the biocontrol of G. citri-aurantii. .In in vivo assays, three yeast isolates (ACBL-23, ACBL-44,
Hydrolytic enzymes and ACBL-77) showed a potential for controlling sour rot in citrus fruits, both preventatively and cura-
Killer factor tively. Most of the eight yeast isolates that were assessed for a mechanism of action did not produce
Sour rot antifungal compounds in an amount sufficient to inhibit the growth of the pathogen. Additionally, nutri-

ent competition among the yeast strains was not found to be a biocontrol strategy. Instead, killer activity
and hydrolytic enzyme production were identified as the major mechanisms involved in the biocontrol
activity of the yeasts. Isolates ACBL-23, ACBL-44, and ACBL-77, which controlled sour rot most effec-
tively, were identified as Rhodotorula minuta, Candida azyma, and Aureobasidium pullulans, respectively.
To our knowledge, this is the first report of the potential of C. azyma as a biological control agent against
a postharvest pathogen and its ability to produce a killer toxin.

© 2016 Elsevier GmbH. All rights reserved.

1. Introduction

Citrus spp. are the most widely produced fruits in the world. Fruit
production is mainly devoted to juice extraction, but a considerable
proportion is traded as fresh fruit for direct consumption (Palou
etal., 2015). Citrus fruits are usually quite acidic, and for this reason,
the most common decay process that occurs in harvested fruits is
caused by fungi (Talibi et al., 2014).

Sour rot is amajor disease that occurs in postharvest citrus and is
caused by the fungus Geotrichum citri-aurantii (Ferraris) Butler et al.
(1988). This disease is widespread in all citrus-producing countries
and affects all citrus species and cultivars. However, mandarin vari-
eties generally develop the disease more readily than orange and
grapefruit varieties (Brown, 2003).
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Sour rot cannot be efficiently controlled by registered fungicides
such as imazalil, thiabendazole, pyrimethanil, or fludioxonil, which
can adequately control the incidence of green or blue molds (Liu
et al.,, 2009; Zhou et al., 2014). The synthetic fungicides guazatine
(Brown, 1988) and propiconazole (McKay et al., 2012) can control
sour rot, but these fungicides are not registered in Brazil. A lack
of chemicals certified for the control of this disease has led to the
consideration of alternative methods. In this context, the use of
yeast species represents a promising strategy in light of their ability
to colonize and survive on the fruit surface for an extended period
(Lahlali et al., 2011; Spadaro and Droby, 2016). Specifically, yeasts
have phenotypic adaptations for colonizing leaf, fruit, and vegetable
surfaces that allows them to compete for space and nutrients, giving
them an advantage as biocontrol agents for postharvest pathogens
(Filonow, 1998).

When used as biocontrol agents, different yeast species can
prevent infection, decrease host tissue colonization, and reduce
pathogen survival and sporulation with varying degrees of effi-
ciency (Punja and Utkhede, 2003; Kupper et al.,, 2013). Recent
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research has shown the potential of yeasts to control postharvest
fungal diseases (Platania et al., 2012; Kupper et al., 2013; Moretto
etal., 2014; Liu et al., 2013).

Despite the known biological roles of yeasts in the environ-
ment, much remains to be discovered regarding yeast modes of
action of in specific environments and their antagonistic behav-
ior toward other organisms (Rosa-Magri et al., 2011). According
to Droby et al. (1989), nutrient competition between Candida guil-
liermondii (strain US 7) and Penicillium digitatum may play a role
in the biocontrol of green mold of citrus fruit. Some yeast species
produce hydrolytic enzymes such as (3-glucanases and chitinases,
which destroy the cell walls of other fungi (Saligkarias et al., 2002).
Santos et al. (2004) showed that the yeast Pichia membranifaciens
(CYC 1106) controlled Botrytis cinerea, a causal agent of grey mold
disease in apples, by producing a killer toxin.

In this context, the purpose of the present study was to test the
ability of yeasts isolated from leaves, flowers, fruits, and soil, and
six isolates of Saccharomyces cerevisiae to control citrus sour rot,
to assess the mechanisms of action of the yeast isolates that were
shown to be effective for biocontrol, and to identify the most effec-
tive yeast isolates for the biocontrol of Geotrichum citri-aurantii.

2. Material and methods
2.1. Pathogen

The pathogen (Geotrichum citri-aurantii) used in this study was
obtained from the collection of micro-organisms at the Center Cit-
rus “Sylvio Moreira”[IAC, Cordeirépolis, Sdo Paulo, Brazil.

2.2. Yeasts isolation

The yeast biological control agents were isolated from citrus
leaves, flowers, fruits and citrus-growing soils. They were obtained
from 14 citrus producing regions in the state of Sao Paulo, Brazil.
Yeast isolation was carried out according to Azeredo et al. (1998)
using the decimal dilution technique, in which an 0.85% saline solu-
tion was used for the soil, and a sterile wash solution was used for
leaves, flowers and fruits with agitation at 250 rpm for 30 min. Plat-
ing was performed in triplicate using YEPD culture media (Yeast
Extract Peptone Dextrose-1% yeast extract, 2% peptone, 2% glu-
cose, 2% agar, 0.01% ampicillin and 0.01% nalidixic acid dissolved
in 1L of distilled water), YM (Malt Extract-0.3% malt extract, 0.3%
yeast extract, 0.5% peptone, 1% glucose, 2% agar dissolved in 1L of
distilled water) and WLN [Wallerstein Nutrient Broth-80g of WL
Nutrient medium (Acumedia®) dissolved in 1L of medium, 0.01%
of ampicillin and 0.01% nalidixic acid]. The cultures were incubated
in a BOD (Biochemical Oxygen Demand) chamber at 25 °C for 3-7
days with a 12 h photoperiod. Yeast colonies that had distinct mor-
phologies were isolated and observed under an ordinary optical
microscope. The isolates were then confirmed as yeasts by colony
morphology and examination of the vegetative cells. They were
purified and kept in test tubes on slopes of YEPD culture medium
for later testing.

2.3. Screening of the yeast isolates for antifungal activity in vitro

To conduct the antagonism tests, in addition to the 95 yeast iso-
lates obtained, six isolates of Saccharomyces cerevisiae (ACB-BG1,
ACB-CAT1, ACB-CR1, ACB-K1, ACB-KD1 and ACB-PE2) were also
tested. These isolates were obtained from an ethanol fermentation,
characterized by electrophoretic karyotyping and stored in the col-
lection of the Laboratory of Biochemistry and Plant Pathology at the
University if Sdo Paulo (ESALQ), Piracicaba-Sao Paulo, Brazil (Fialho
etal.,2010), and later stored in the microorganism collection of the

Apta Center Citrus “Sylvio Moreira”/IAC, Cordeirépolis, Sdo Paulo
State, Brazil.

We used a paired cultivation technique in Petri dishes (Dennis
and Webster, 1971) to evaluate the antagonistic capacity of all 101
yeast isolates against G. citri-aurantii. Disks of 5 mm in diameter
were removed from the active colonies of G. citri-aurantii grown in
potato dextrose agar (PDA) medium for 7-10 days and placed in
Petri dishes containing PDA culture medium 3 cm away from disks
of the same size containing an isolate of each yeast cultured for 48 h
in YEPD medium. The control contained G. citri-aurantii without
the yeast. To evaluate the inhibition, the average diameter of the G.
citri-aurantii colony was measured after seven days. A completely
randomized design with four replications for each of the 5 trials was
used. The data were subjected to an analysis of variance (ANOVA).
The means were tested by Tukey’s test at 5% probability.

2.4. In vivo antagonistic activity assays

Fruits of commercially mature ‘Pera’ orange (Citrus sinensis (L.)
Osbeck) were obtained from a packinghouse in the city of Limeira,
S3o Paulo, Brazil. The untreated oranges were washed, superfi-
cially disinfected with 0.2% (v/v) sodium hypochlorite for 3 min
and rinsed in distilled water to eliminate the sodium hypochlorite.
Then, the fruits were wounded to a depth of 3 mm at two equidis-
tant points on the median region with sterile needles, and 20 L of a
G. citri-aurantii conidial suspension (1 x 10° conidia/mL) was inoc-
ulated in 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 inoculated with
the pathogen 24 h later.

Eight yeast strains (ACBL-23; ACBL-42; ACBL-44; ACBL-50;
ACBL-52; ACBL-68; ACBL-77 and ACB-K1) were selected based on
in vitro screening to compose in vivo assay treatments. The treat-
ments were prepared by transferring each isolate from a 48-h plate
culture into an Erlenmeyer flask containing 25 mL of liquid YEPD.
The cultures were incubated at 25°C on a shaker at 250 rpm for
48 h. After incubation, the cell number was determined by a direct
microscopic count using a hemacytometer, and the suspensions
were adjusted to 1 x 107 cells/mL. A 20 p.Laliquot of each treatment
was applied with an automatic pipette directly into the wounds in
both the curative and preventive treatments. The fungicide imazalil
(2.0mLL~ 1) 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 positive control was fruit treated with sterile
distilled water instead of another treatment.

After inoculation with G. citri-aurantii and treatment appli-
cation, the fruits were stored for 15 days at room temperature
(25+5°C and 90% RH). Disease severity was assessed on the 9th,
11th, 13th and 15th days after pathogen inoculation by measuring
the average diameter of sour rot lesions using a caliper. The inci-
dence was expressed as the percentage of infected fruits observed
atday 15.To analyze the in vivo tests, the treatments were arranged
in a completely random design, with each treatment consisting of
3 replicates with 20 fruits per replicate. To analyze the effect of
the treatments on the average size of the lesions caused by G. citri-
aurantii, the area under the disease progress curve (AUDPC) was
calculated and expressed by plotting the proportion of disease as
a percentage versus time. According to Shaner and Finney (1977),
the AUDPC can be calculated using the formula:

AUDPC = ) "™ 1[(Yiq +Y1)/2] #[(Tisr = Ti)],
where n—the number of observations/evaluations; Yi—proportion

ofthe disease in the ith observation/evaluation; Ti—the time in days
in the ith observation/evaluation; The results were analyzed by
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Fig. 1. Area under the disease-progress curve (AUDPC) for average diameter of lesion caused by Geotrichum citri-aurantii, after preventive (A) and curative (B) treatment with
different yeast isolates, stored (25 +2 °C and 90% RH) for 15 days. Mean values marked with the same lowercase letter are not significantly different according to Tukey’s test

(P<0.05).

ANOVA, and the means were compared using the Tukey’s test at
5% probability.

2.5. Study of the mechanisms of action

Eight yeast isolates (ACBL-23; ACBL-42; ACBL-44; ACBL-50;
ACBL-52; ACBL-68; ACBL-77 and ACB-K1) that were shown to be
effective for the in vivo biocontrol of sour rot were used.

2.5.1. Production of volatile antifungal compounds

Each of the yeast isolates was simultaneously cultivated with
G. citri-aurantii on split plates, which prevented nonvolatile com-
pounds produced by the yeasts from reaching the plant pathogen.
A G. citri-aurantii culture disk (5mm in diameter) was placed on
PDA medium on one side of the split plate. On the other side, a
yeast strain culture disk (5 mm) was placed on YEPD medium. After
incubating the fungus and yeast strains at 25 °C for 10 days, fungal
growth was measured as the mycelial diameter in the presence of
the yeast compared to the mycelial diameter in the absence of the
yeast. This methodology was according to Lopes et al. (2015).

2.5.2. Production of cell-free antifungal compounds in yeast

For each yeast isolate tested, a loopful of a 48 h culture was
transferred to a 250 mL Erlenmeyer flask containing 50 mL of YEPD
medium, followed by incubation at 150 rpm for 72 h in the dark.

Each yeast culture was filtered through Whatman N °4 fil-
ter paper and a 0.45 um Millipore® membrane after incubation
to remove the yeast cells according to a protocol adapted from
Frighetto and Melo (1995). For each yeast cell-free filtrate, a 10 mL
aliquot was added to 90 mL of melted PDA, then poured into a Petri
dish. After solidification, a 5mm G. citri-aurantii culture disk was
placed in the center of each Petri dish. For the control, G. citri-
aurantii was grown on PDA medium without a yeast filtrate. The
cultures were incubated in a BOD chamber at 25 °C for 7 days with a
12 hphotoperiod, and the growth of G. citri-aurantii was assessed by
measuring the mean diameter of each colony in two perpendicular
directions.

2.5.3. Production of thermostable antifungal compounds

To evaluate the production of thermostable compounds, a yeast
culture disk was transferred to a 250 mL Erlenmeyer flask contain-
ing 50 mL YEPD and incubated at 150 rpm for 72 h in the dark, as
previously described. A 10 mL aliquot of each isolate was trans-
ferred to an Erlenmeyer flask containing 90 mL PDA medium and
sterilized at 121 °C for 20 min. The sterilized medium was poured
into a Petri dish, and after it solidified, a 5-mm G. citri-aurantii cul-
ture disk was placed in center of each plate. For the control, G.
citri-aurantii was grown on PDA medium without metabolites. The

cultures were incubated in a BOD chamber at 25 °C for 7 days, and
the growth of G. citri-aurantii was assessed by measuring the mean
diameter of each colony in two perpendicular directions.

2.5.4. Detection of killer activity

According to the methodology described by Ceccato-antonini
et al. (2004), a 1.0 x 10° cell/mL suspension of S. cerevisiae NCYC
1006 (killer-factor sensitive) was cultured in YEPD at 28 °C for 24 h.
A 100 pL aliquot was transferred to a Petri dish containing YEPD-
methylene blue medium buffered at pH 4.3-4.7. To evaluate the
presence of a killer factor, each yeast isolate was spotted on a sep-
arate Petri dish with a sterile toothpick, and the cultures were
incubated at 28 °C for 3 days. The production of a killer factor and the
death of sensitive cells were indicated by the presence of a growth
inhibition zone and an adjacent blue zone.

2.5.5. Nutrient competition

To evaluate nutrient competition between G. citri-aurantii and
antagonistic yeasts, agar-coated microscope slides were prepared
with varying glucose concentrations (0%, 0.5%, 1%, 1.5%, 2%, and
2.5%) according to methodology of Kupper et al. (2013). Ten micro-
liters of a G. citri-aurantii suspension (1 x 10° conidia/mL)and 10 L
of a yeast suspension (1 x 10% cells/mL) were spotted onto pre-
marked locations on the slides, and the cultures were incubated in a
BOD chamber at 25 °C for 16 h. Nutrient competition was assessed
by counting the number of germinated conidia among 100 ran-
domly selected conidia. Conidia were considered fully germinated
when the length of the germ tube was at least the size of the swollen
conidia.

2.5.6. Evaluation of the mycelial growth of G. citri-aurantii
collected from the antagonism zone

G. citri-aurantii was co-cultured on a Petri dish with each yeast
isolate studied, according to the methodology described by Dennis
and Webster (1971). The test was performed on Petri dishes con-
taining PDA medium by placing a 0.5 cm G. citri-aurantii mycelial
disk on one side of the plate and a 0.5 cm yeast isolate culture disk
3 cm away. To provide a detailed characterization of the inhibition
zone formed after the co-culture of the antagonistic yeast isolates
and fungus, the hyphal viability and the mycelial growth of the
pathogen in the antagonism zone (i.e., the area adjacent to the
fungal inhibition zone) were quantified. To measure the mycelial
growth, 0.5 cm mycelial disks were cut from the following three
sections of each plate and compared: the inhibition zone, the zone
adjacent to the inhibition zone (the intermediate zone), and the
zone furthest from the inhibition zone where mycelia were not
inhibited by the yeast (the distant zone). The cultures were incu-
bated inaBOD chamber at 25 °C for 10 days with a 12 h photoperiod,
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Fig. 2. Percentage of ‘Pera’ orange fruits with sour rot symptoms after preventive (A) and curative (B) treatment with different yeast isolates, stored (25 + 2 °C and 90% RH)
for 15 days. Mean values marked with the same lowercase letter are not significantly different according to Tukey’s test (P <0.05).

after which the mycelial growth diameter of G. citri-aurantii was
measured in two perpendicular directions.

2.5.7. Production of hydrolytic enzymes

The production of hydrolytic enzymes by the yeast isolates was
analyzed according to the methodology of Fialho (2005). A loop-
ful of each yeast isolate was transferred to 20 mL liquid YEPD and
incubated at 150 rpm for 72 h in the dark. Thereafter, 1 mL of each
suspension was transferred to 15 mL Falcon tubes containing 10 mL
of YEPD or modified YEPD medium (containing a G. citri-aurantii cell
wall preparation in the place of 1% glucose). The cultures were pre-
pared in triplicate and incubated at 150 rpm. After 24 h incubation,
a 1.5 mL volume was taken and centrifuged at 3000 rpm for 10 min,
and the supernatant was recovered and used for the quantification
of -1, 3-glucanase and chitinase.

For the cell wall preparation, 1 mL of a G. citri-aurantii suspen-
sion (1.0 x 10° conidia/mL) was cultured in 50 mL PDA medium at
150 rpm for 8 days. Mycelia were recovered by filtration through
Whatman N°. 1 filter paper, then washed three times with distilled
water, homogenized in 0.1 M phosphate buffer (pH 7.2) for 2 min,
and stored at —20°C overnight. After thawing and homogenization,
approximately 20 mL of the fungal mycelia was transferred to a vial
and macerated in liquid nitrogen, and the fungal cell wall prepara-
tion was stored at —80 °C until use (this protocol was adapted from
Bar-Shimon et al., 2004).

2.5.7.1. Quantification of reducing sugars. The reducing sugars
released during the enzymatic activity assays were quantified using
the 3, 5-dinitrosalicylic acid (DNS) method described by Miller
(1959).

2.5.7.2. Quantification of B-1, 3-glucanase enzymatic activity. To
assess the production of 3-1, 3-glucanases, a colorimetric assay was
used to quantify the glucose released from the laminarin substrate
along with the method for the quantification of reducing sugars. The
reaction was performed using 200 L of Mcllvaine buffer (pH 6.0),
100 L of the culture sample, and 100 L of laminarin (4 mg/mL).
The reaction was incubated at 50°C for 1h then stopped with
200 L of DNS for the reducing sugar quantification. Absorbance
readings at 540 nm were subtracted from the absorbance of the
reaction mixture in the presence of a buffer solution in place of
the culture medium. Additionally, the absorbance of the negative
control (a buffer solution in place of the substrate) was subtracted
from each experimental reading. The absorbance values were com-
pared to a glucose standard curve, and the enzymatic activity was
expressed as U/L, where a unit of activity (U) was defined as 1.0 g of

reducing sugar (glucose) released from laminarin under the assay
conditions used.

2.5.7.3. Quantification of chitinase enzymatic activity. The pro-
duction of chitinase was quantified as the amount of N-acetyl
glucosamine (NAG)released from a glycol chitin substrate. A100 p.L
aliquot of each yeast culture was mixed with 200 wL of Mcllvaine
buffer (pH 6.0) and 100 L of 0.01% glycol chitin (w/v) in the
same buffer. After incubation at 50 °C for 60 min, the reaction was
stopped with 200 L of DNS, and the reducing sugars were quan-
tified as previously described. A solution containing the reaction
mixture combined with a buffer solution (in place of the culture
medium) was used as a reagent blank. Absorbance readings were
also subtracted from a negative control reading (a buffer solution
in place of the glycol chitin substrate). The enzymatic activity was
expressed as U/L, where U was defined as 1.0 g of reducing sugar
(N-acetylglucosamine) enzymatically released from glycol chitin
under the assay conditions used.

2.5.8. Statistical analysis

A completely randomized design with five replicates was used
to quantify the production of antifungal compounds and to evaluate
the mycelial growth of G. candidum collected from the antagonism
zone. The data were analyzed by ANOVA, and the mean values were
compared with Tukey’s test at the 5% significance level. A facto-
rial design with eight replicates per treatment was used to assess
nutrient competition. The mean values for each treatment were
compared using Tukey’s test at the 5% significance level. All assays
were performed in duplicate, and the ASSISTAT software was used
for the statistical analysis.

2.6. Identification of yeast isolates by amplification of the ITS
regions of the rDNA

Seven yeast isolates (ACBL-23, ACBL-42, ACBL-44, ACBL-50,
ACBL-52, ACBL-68 and ACBL-77) were identified based on their
genetic material using molecular biology techniques. DNA was
extracted from the yeasts using the Wizard Genomic DNA Purifi-
cation Kit by Promega®. The quantity and quality (purity) of the
extracted DNA was determined by optical density using a spec-
trophotometer (NanoDrop 2000c). The amplification of the ITS
regions (Internal Transcribed Spacer) of the rDNA including the 5.8S
gene was performed by PCR using the following primers: forward-
ITS1 (TCCGTAGGTGAACCTGCGG) and reverse-1TS4 (TCCTCCGCT-
TATTGATATGC), according to White et al. (1994). PCR cycling
conditions consisted of an initial denaturation step at 94°C for
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Fig. 3. Killer activity of the Aerobasidium pullulans ACBL-77 as shown by a blue halo
and blue ring (indicative of Saccharomyces cerevisiae NCYC 1006 cell death) on YEPD-
methylene blue medium (pH 4.5) at 28 °C. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

1 min; 30 cycles of denaturation at 94°C for 1 min, annealing at
55°C for 2 min and extension at 72 °C for 2 min; and a final exten-
sion at 72°C for 5min. The PCR product was purified using a
“PureLink™ Quick Gel Extraction and PCR Purification Combo Kit”
(Invitrogen™), which is commercially available (Thompson et al.,
1994). The sequences were aligned and compared with the NCBI
database by the Internet using Basic Local Alignment Search Tool
(Altschul et al., 1997).

3. Results
3.1. Isolation of yeasts

Ninety-five isolates were obtained, of which 55.8% were from
citrus leaves, 21% from fruits, 13.7% from flowers and 9.5% from soil.
The highest percentage of isolates was obtained on YEPD medium
(49.5% of the total), followed by WLN (28.4%) and YM (22.1%).

3.2. Screening of the yeasts isolates by antifungal activity in vitro

Of the 101 yeast strains (95 yeast strains plus 6 strains of S.
cerevisiae) tested in vitro for G. citri-aurantii antagonism, 21.8%
significantly inhibited fungal mycelial growth (ranging from 13
to 35% of inhibition). The highest values for fungal inhibition
were obtained with the yeast isolates ACBL-23 (28.7%), ACBL-42
(23.5%), ACBL-44 (23.3%), ACBL-50 (25.2%), ACBL-52 (28.4%), ACBL-
68 (26.7%), ACBL-77 (35.0%) and ACB-K1 (24.1%). These eight yeast
isolates were used in subsequent in vivo assays.

3.3. Invivo assays of antagonistic activity

3.3.1. Effect of yeast treatment on the progress of sour rot in
oranges

When ‘Pera’ orange fruits were treated preventively, only the
average size of the lesions caused by G. citri-aurantii of the fruits
treated with a fungicide did not differ from the control. The progress
of sour rot on the inoculated citrus fruits was significantly reduced
when fruits were treated with ACBL-44, ACBL-77, ACBL-23, ACBL-
52, ACBL-42, ACBL-68 and ACB-K1 isolates, which showed an
average lesion size ranging from 5.8 to 54.9 mm (Fig. 1-A). For the
curative treatment, the most effective treatment was ACBL-23, with
an average lesion size of 5.6 mm, followed by ACBL-68 (12.1 mm),

Table 1
Killer activity of yeast isolates against the sensitive yeast Saccharomyces cerevisiae
NCYC 1006 cultivated on YEPD-methylene blue medium (pH 4.5) at 28°C.

Yeast isolates Killer activity

ACBL-23 Clear zone?®

ACBL-42 Clear zone/Blue ring/Inhibition zone
ACBL-44 Blue zone

ACBL-50 Clear zone

ACBL-52 Clear zone/Blue ring

ACBL-68 Blue zone

ACBL-77 Blue zone/Blue ring/Inhibition zone
ACB-K1 Blue zone/Inhibition zone

2 Blue inhibition, ring and zone-indicative of cell death; clear zone-indicative of
inhibitory activity without cell death.

ACBL-77 (14.2 mm), ACBL-44 (26.9 mm), imazalil (26.9 mm), ACBL-
42 (47 mm) and ACBL-52 (62.9 mm) (Fig. 1-B).

3.3.2. Treatment effectiveness on the incidence of sour rot in
‘Pera’ orange fruits

The most effective isolates for preventive treatment were ACBL-
52, ACBL-23, ACBL-44 and ACBL-77, for which 38, 37, 25 and 8% of
fruits showed sour rot symptoms, respectively (Fig. 2-A). Lower
values of diseased fruits were obtained by curative treatment with
ACBL-44 (32%), ACBL-77 (30%), ACBL-68 (28%) and ACBL-23, which
had only 10% diseased fruit (Fig. 2-B).

3.4. Study of mechanisms of action

3.4.1. Production of volatile antifungal compound

None of the yeast isolates evaluated produced antifungal com-
pounds that inhibited the development of the pathogen. The only
yeast isolate that produced volatile metabolites was ACBL-52,
which inhibited the pathogen colony at a rate lower than 10%. All
yeast isolates stimulated G. citri-aurantii mycelial growth via the
production of cell-free, thermostable antifungal compounds.

3.4.2. Detection of killer activity

Most yeast isolates tested exhibited killer activity. As summa-
rized in Table 1, six of the isolates produced a blue inhibition ring
or zone (indicative of cell death), and two of the isolates produced
a clear zone (indicative of inhibitory activity without cell death)
around each colony (Fig. 3).

3.4.3. Nutrient competition

All of the yeast isolates tested inhibited the germination of G.
citri-aurantii conidia, regardless of the glucose concentration used.
The isolates ACBL-68, ACB-K1, and ACBL-23 exhibited the greatest
inhibition of conidial germination, with 94.4%, 92.7%, and 90.5%
inhibition, respectively (Fig. 4).

Ungerminated Geotrichum
citri-aurantii conidia (%)

Yeast isolates

Fig.4. Effectofyeastisolateson the conidial germination of Geotrichum citri-aurantii
grown on agar medium with different glucose concentrations at 25°C. Mean val-
ues (represented by bar height) marked with the same lowercase letter are nor
significantly different according to Tukey’s test. (P <0.05).
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Table 2
Colony size (cm) of Geotrichum citri-aurantii collected from the inhibition, interme-
diate, and distant zones following co-culture with the different yeast isolates.

Yeast isolates Inhibition zone Intermediate zone Distant zone

Control 8.66a° 8.25a 8.39a
ACBL-23 8.28a 8.52a 8.50a
ACBL-42 8.73a 8.49a 8.60a
ACBL-44 8.92a 8.48a 8.50a
ACBL-50 8.31a 8.57a 8.28a
ACBL-52 8.18a 8.71a 8.67a
ACBL-68 8.30a 8.35a 8.38a
ACBL-77 8.23a 7.61a 8.18a
ACB-K1 7.28b 8.20a 8.22a

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

3.4.4. Evaluation of the mycelial growth of G. citri-aurantii
collected from the antagonism zone

The mycelial growth analysis indicated that none of the yeast
isolates affected the development of hyphae removed from the
antagonism zone, except for ACB-K1, which reduced fungal growth
by 16% as compared to the control. The growth of G. citri-aurantii
collected from the intermediate and distant zones was unaffected
(Table 2).

3.4.5. Production of hydrolytic enzymes

The findings indicated that ACBL-23 and ACB-K1 were the only
isolates that exhibited [3-1, 3-glucanase activity. However, all of the
isolates except ACBL-23 and ACBL-44, exhibited chitinase activity
(Table 3).

3.5. Identification of yeast isolates by amplification of the ITS
regions of rDNA

The most effective yeast isolates for the control of cit-
rus sour rot were identified as Rhodotorula minuta-ACBL-23,
Sporobolomyces koalae—ACBL-42, Candida azyma—ACBL-44, Sac-
charomyces sp.—ACBL-50, S. cerevisiee—ACBL-52, Rhodotorula
mucilaginosa—ACBL-68, Aureobasidium pullulans—ACBL-77, and S.
cerevisiae —ACB-K1.

4. Discussion

Biological control using antagonistic yeasts has been reported
and is considered an alternative to synthetic fungicides (Droby
et al.,, 2002; Geng et al., 2011; Zhang et al., 2009). The develop-
ment of a biocontrol agent is a long process that involves several
steps, starting with the isolation and selection of microorganisms
that have the potential for biocontrol that have desirable character-
istics for the development of a commercial product (Droby et al.,
2009). Leaf and fruit surfaces are the most appropriate potential
locations for the isolation of antagonistic yeast isolates because
of their high sugar content and the rapid colonization of this

Table 3
Production of chitinases and 3-1,3-glucanases by the yeast isolates as measured by
the amount of reducing sugars released.

Yeast isolates Chitinase RS? (g/L) 3-1,3-glucanase RS(g/L)

ACBL-23 0 0.004
ACBL-42 0.089 0
ACBL-44 0 0
ACBL-50 0.011 0
ACBL-52 0.001 0
ACBL-68 0.017 0
ACBL-77 0.089 0
ACB-K1 0.067 0.039

2 RS: reducing sugar.

environment by yeasts (Sharma et al., 2009). In this study, we iso-
lated and selected yeasts from citrus leaves, flowers and fruits as
well as from citrus soils and determined the most effective yeast
strains for the biocontrol of sour rot in ‘Pera’ oranges.

In this study, the phylloplane was the primary source from
which yeast isolates (90.5%) were obtained, and soil accounted for
only 9.5% of the isolates. These results were similar to the obtained
by other authors, who obtained a lower number of antagonists from
soil (Cabral et al., 2009; Chanchaichaovivat et al., 2007; Wang et al.,
2009).

In vitro assays indicated that 21.8% of the yeast isolates sig-
nificantly inhibited the pathogen, with inhibition values ranging
between 13% and 35%. The most effective isolates were ACBL-23,
ACBL-68, ACBL-77, and ACB-K1. Working with Candida sp. and Sac-
charomyces sp. isolates, Abd-Alla et al. (2007) found antagonism
to G. citri-aurantii, with pathogen inhibition percentages of up to
51.1%, however, those authors observed moderate inhibition by
Cryptococcus sp. and Candida sp. of up to 31.5%, similar to the inhi-
bition observed with ACBL-77, which was the only isolate obtained
in the present study. Maldonado et al. (2010) used a strain of Strep-
tomyces and found that the antagonist inhibited G. citri-aurantii by
29% on solid medium.

Although these isolates did not show high inhibition values for
the pathogen in vitro when directly tested in citrus fruits, the results
for disease control were more satisfactory, with inhibition values of
up to 91% (ACBL-77) for the incidence of the disease and with values
of 95% inhibition of lesion development (ACBL-44 and ACBL-23).

The evaluation of severity and incidence in this study showed
that the yeast isolates ACBL-23 (Rhodotorula minuta), ACBL-44
(Candida azyma) and ACBL-77 (Aureobasidium pullulans) had the
potential to control sour rot in citrus as a preventive and curative
control (Figs. 1 and 2). Hernandez-Montiel et al. (2011); found that
the incidence and size of the lesions caused by G. citri-aurantii in
Mexican lime fruits (Citrus aurantifolia) were significantly reduced
when the fruits were treated with two isolates of the epiphytic
yeast Debaryomyces hansenii. Additionally, Ren et al. (2012) demon-
strated that the incidence and the average size of the lesions caused
by G. aurantii citri in citrus fruits were reduced with the use of a
recombinant isolate of Pichia pastoris.

Understanding the mode of action of a biocontrol agent is essen-
tial for developing more effective antagonistic isolates and may
contribute to the improvement of formulations and production
methods. The present findings indicate that all of the yeast isolates
analyzed exhibited at least two inhibitory mechanisms for the con-
trol of G. citri-aurantii, except for ACBL-44, which exhibited only
one mechanism of action.

The findings also revealed that the yeast isolates analyzed
did not produce volatile, cell-free, or thermostable antifungal
compounds in quantities sufficient to markedly impair the devel-
opment of G. citri-aurantii. Although ACBL-52 produced enough
volatile metabolites to inhibit fungal growth, the inhibition of fun-
gal colony size relative to the control was only 9.3%. The lack of
production of antifungal compounds by most of the yeast isolates
tested did not does not imply that these organisms do not have anti-
fungal action, but the yeast isolates analyzed in this work probably
do not produce antifungal substances active against G. citri-aurantii.
However, different results have been obtained by other authors
when yeast species were tested against fungal pathogens. For
example, Bruce et al. (2003) reported that S. cerevisiae grown in
tryptone soy medium produced volatile metabolites that inhib-
ited the growth of wood rot fungi, such as Sclerophoma pithyophila,
by approximately 75%. Similarly, Fialho et al. (2010) reported that
volatile compounds produced by S. cerevisiae inhibited the growth
of the fungus Phyllosticta citricarpa by up to 83%. Parafati et al.
(2015) verified the production of volatile organic compounds on
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PDA at pH 4.5 for Wickerhamomyces anomalus strains that inhibited
the mycelial growth of B. cinerea.

Some yeast species can produce killer toxins and other antimi-
crobial compounds that are lethal to filamentous fungi. Six of the
yeast isolates tested in this study produced killer toxins, supporting
prior reports that these compounds are the main mode of action for
the biocontrol of G. citri-aurantii (Table 1 and Fig. 3). For example,
Walker et al. (1995) were the first to observe pathogen susceptibil-
ity to mycocinogenic yeasts. Weiler and Weiler and Schmitt (2003)
obtained similar results for the control of Fusarium oxysporum by
the killer yeast Zygosaccharomyces bailii. Pichia membranifaciens
was found to inhibit the growth of the fungus Botrytis cinerea via
the action of a killer toxin (Santos et al., 2004), and Coelho (2005)
demonstrated that the killer yeasts Candida guilliermondii and Pichia
ohmericould be used for the control in vitro of the fungus Penicillium
expansum in apples.

Competition among microorganisms for essential environmen-
tal resources such as nutrients and space is considered as a
fundamental biocontrol mechanism in yeast-pathogen interactions
(Bleve et al., 2006; Spadaro and Droby, 2016). In this context, our
findings revealed that nutrient competition was not a biocontrol
strategy used by the yeast isolates studied: the decrease of G. citri-
aurantii conidial germination was not dependent on an increase in
the glucose concentration in the culture medium, indicating that
these isolates did not compete with the fungus for nutrients in the
culture (Fig. 4). Nevertheless, this result is inconsistent with some
previously reported findings. For example, Chanchaichaovivat et al.
(2008) investigated the possible mechanisms of action of the yeast
Pichia guilliermondii against the fungus Colletotrichum capsici for
the control of anthracnose in pepper and found that increasing the
sugar concentration suppressed the conidial germination of C. cap-
sici, indicating competition for nutrients and inhibition of the fungal
development in culture. Saravanakumar et al. (2008) studied the
role of the yeast Metschnikowia pulcherrima for the control of the
phytopathogens B. cinerea, P. expansum, and Alternaria alternata and
observed that fungal development was controlled of the yeast by
competition for iron in culture.

In G. citri-aurantii, hyphal alterations occurred when the
colonies were collected from the inhibition zone during co-culture
with ACB-K1 and then grown in fresh culture medium, leading to
the suppression of pathogen development (Table 2). These hyphal
alterations may have resulted from the production of killer toxins
or hydrolytic enzymes, such as -1, 3-glucanases and chitinases,
by the antagonist. Although the nature of the killer toxins from the
studied isolates has not been elucidated, it has been proposed that
the cell wall components of pathogens are the primary recognition
sites for these enzymes and toxins (Gooday, 1995). This hypothesis
was supported by the findings of Masih et al. (2000) in a study of the
mode of action of the yeast Pichia anomala isolated from the surface
of apples for the control of B. cinerea. The authors observed defor-
mation of the fungal hyphae, such as the coagulation and leakage
of the cytoplasmic contents when in contact with the yeast cells.

All eight yeast isolates except for ACBL-23 and ACBL-44 pro-
duced chitinases in the presence of the pathogen cell wall. In
contrast, only ACBL-23 and ACB-K1 produced [3-1,3-glucanases
(Table 3). Similar results were reported by Zhang et al. (2011),
who investigated the antagonistic potential of the yeast Pichia guil-
liermondii against Botrytis cinerea and found that control of the
pathogen was mediated by the production [3-1,3-glucanases and
chitinases by the yeast in a medium containing fungal cell wall
and sucrose or glucose as the carbon source. Saravanakumar et al.
(2009) observed higher chitinase production by the yeast M. pul-
cherrima compared to Rhodotorula sp. and even higher production
in the presence of B. cinerea cell wall. Ultimately, the increased pro-
duction of chitinases in M. pulcherrima led to more efficient control
of gray mold in apple.

The findings of this study indicate that multiple modes of action
are important for the control of G. citri-aurantii, as evidenced
by the ABC-K1 strain, which produced two classes of hydrolytic
enzymes (chitinases and (3-1,3-glucanases), exhibited killer activ-
ity, and inhibited conidial germination. These activities led to a
reduction in the colony size of G. citri-aurantii collected from the
inhibition zone, along with possible hyphal alterations. Moreover,
killer activity was found to be a common biocontrol mechanism
because it was observed in all of the yeast isolates tested. Accord-
ingly, improvement of the control of G. citri-aurantii will require the
identification of the killer toxins produced by these isolates, in par-
ticular, of the isolates ACBL23, ACBL-44, and ACBL-77, which most
effectively controlled sour rot both preventively and curatively.

To our knowledge, this is the first report of Candida azyma
and Sporobolomyces koalae as biological control agents against a
postharvest pathogen and their ability to produce a killer toxin.
Therefore, in conclusion, R. minuta, C. azyma and A. pullulans are
not pathogenic yeasts in plants, so they could be used against G.
citri-aurantii as an alternative postharvest control in citrus fruits.
However, the postharvest formulations must be further studied
before it is practical and effective to use them as biological control
agents.
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