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ABSTRACT

The effectiveness of a formulated product of the yeast Candida sake CPA-1 for controlling postharvest diseases on pome
fruits was demonstrated in laboratory, semicommercial, and commercial trials carried out in the major pome fruit producing
region of the European Union. First, one wettable powder and seven liquid formulations were tested in laboratory trials that
involved two varieties of apples and two varieties of pears. In all cases, an efficacy similar to that of fresh cells was dem-
onstrated in the control of artificial Penicillium expansum infection. After these trials, the formulated product chosen for
semicommercial and commercial trials was LF1, a liquid formulation that is particularly suitable for commercial applications.
In semicommercial trials, LF1 showed a performance similar to fresh cells in most trials, and the population dynamics of both
fresh and formulated cells were quite stable throughout the storage period. This indicates the high viability of C. sake CPA-
1 in this formulation and the absence of adverse effects during the formulation of the product, which may significantly affect
both its ability to grow on fruit and its antagonistic activity. We evaluated the control of natural infection after applying the
formulated product in a commercial drencher in different packinghouses. A significant reduction in the incidence of diseases
was observed with a recommended dose of around 107 CFU/ml when natural infections were greater than 1%. In general,
large quantities of yeast were observed on the surface of unwounded fruits of different pome fruit cultivars. Moreover,
populations of this biocontrol agent increased rapidly on fruit surfaces and remained quite stable for a long time under
commercial storage conditions. Commercial practices used in packinghouses were therefore successfully applied for this for-

mulated product.

The wound-invading fungus Penicillium expansum
Link is one of the most important postharvest pathogens
affecting pome fruits. Control of this postharvest pathogen
relies on the use of fungicides applied as drencher or on
line-sprayer treatments prior to cold storage (20). However,
the development of resistance to many fungicides by major
postharvest pathogens (29, 40, 41), the ban on several pes-
ticides, and the public demand for fungicide-free products
have generated an interest in the development of alterna-
tives to synthetic fungicides, though these should be both
effective and economically feasible.

Biological control with microbial antagonists has been
shown to be one of the most effective alternatives (8, 16,
42). Several antagonistic microorganisms have been dis-
covered that reduce postharvest fungal decay on pome
fruits (14, 18, 19, 21, 24, 26-28, 34, 38, 39). However,
before biocontrol agents can be successfully used on a large
scale, it is first necessary to optimize several of their key
features. For this reason, few yeast- or bacterial-based prod-
ucts have so far been commercialized for the control of
postharvest diseases on pome fruits. The first commercial
products were registered in the United States under the
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names BioSave 100 and 110, while in South Africa, the
product YieldPlus has also been registered. However, to our
knowledge, no biocontrol-based products have at present
been registered in Europe. One potential microorganism
that could be developed for commercial applications is the
naturally occurring yeast Candida sake (Saito and Ota) (van
Uden and Buckley), strain CPA-1, which was isolated from
the surface of apple fruits and exhibited antagonistic activ-
ity in vivo against P. expansum, Botrytis cinerea, and Rhi-
zopus stolonifer in pome fruits (39). Commercial amounts
of this yeast were obtained with a low-cost culture medium
(2). The effectiveness of this antagonist, whether with fresh
cells (33, 36, 37) or formulated cells (3, 35), has also been
clearly demonstrated, particularly on apples grown in Cat-
alonia (Spain), and no adverse effect on quality parameters
has been observed after treatments with this yeast. To our
knowledge, no studies have been carried out in other re-
gions of the Mediterranean area.

The main European Union apple-producing countries
are Italy (30%), France (27%), Germany (12%), and Spain
(10%), while the main pear-producing countries are Italy
(39%), Spain (29%), and France (11%) (4). On this basis,
France, Italy, and Spain could be considered the major
pome fruit-producing countries in the European Union.

The goal of this study was to evaluate the efficacy of
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C. sake CPA-1 on pome fruits in these three European Med-
iterranean locations. We were particularly interested in test-
ing different formulations under laboratory conditions and
then evaluating the best formulation in semicommercial-
and commercial-scale trials, particularly to monitor its ef-
fects on P. expansum decay.

MATERIALS AND METHODS

Antagonist. We used strain CPA-1 of the yeast C. sake
(CECT-10817, Coleccion Espafiola de Cultivos Tipo, University
of Valencia, Valencia, Spain). Stock cultures were stored at 5°C
on nutrient yeast dextrose agar (nutrient broth, 8 g/liter; yeast
extract, 5 g/liter; dextrose, 10 g/liter; and agar, 15 g/liter). For
laboratory and semicommercial trials, cells were grown in 5 liters
of molasses-urea broth medium in a Biostat A fermentor (Micro-
DCU 300, B. Braun Biotech International, Melsungen, Germany).
The composition of this medium was 40 g of cane molasses, 1.2
g of urea, and 1,000 ml of water. The optimum conditions for
obtaining maximum growth in less time were 150 liters/h (0.05
vol of air/vol of medium/min [vol/vol/min]) of aeration at 400
rpm and 25°C for 36 h and an initial population of 10° CFU/ml.
For commercial trials, production was carried out in a 90-liter
fermentor (Ilerfred, Lleida, Catalonia, Spain) with the same me-
dium as described above and under the following growth condi-
tions: 1,500 liters/h (0.5 vol/vol/min) of aeration at 400 rpm at
25°C for 36 h and an initial inoculum of 10° CFU/ml. Yeast cells
from both fermentors (5 and 90 liters) were harvested by centri-
fugation at 7,520 X g for 15 min at 10°C in an Avanti J-20 XP
centrifuge (Beckman Coulter, Palo Alto, Calif.). Seven liquid for-
mulations (LF1, LF2, LF3, LF4, LF5, LF6, and LF7) and one
wettable powder formulation (SF1) of this biocontrol agent were
used in laboratory trials. Formulations of this yeast codified as
LF1, LF2, and LF3 were prepared in isotonic preservation solu-
tion following the methodology described by Abadias et al. (3).
LF4, LFS, LF6, and LF7 were also prepared in liquid formulations
in a sugar preservation solution, as described by Torres et al. (35).
SF1 was a freeze-dried formulation of C. sake, which was pro-
tected by lactose and rehydrated with skimmed milk (7).

Both the production and formulation processes were carried
out at the Postharvest Unit of the Centre UdL-IRTA of Lleida
(University of Lleida—Institute of Agro-Food Research and Tech-
nology). The fresh cells and the formulations were sent to Bologna
and Prigonrieux just before starting the trials.

Pathogen. Monoconidial strains of P. expansum were iso-
lated from decayed pome fruits from each location. Each labora-
tory used its own isolates to carry out artificial infection. In all
cases, the isolate was maintained on potato dextrose agar for 7 to
14 days at 25°C. Aqueous conidial suspensions of P. expansum
at 10% or 103 conidia per ml were prepared, depending on the trial.
Spore concentration was determined with a hemocytometer.

Fruit. We studied four cultivars of pears and four cultivars
of apples, all grown by standard culture practices, from commer-
cial orchards. Fruits from orchards in Spain (Lleida, Catalonia),
Italy (Bologna), and France (Prigonrieux) were used to carry out
laboratory, semicommercial, and commercial trials during three
consecutive seasons (2001 to 2002, 2002 to 2003, and 2003 to
2004, respectively). In Lleida, the crops studied were Conference
and Blanquilla pear cultivars and Golden Delicious and Red-Chief
apple cultivars. In Prigonrieux, the crops were Conference and
Doyenné du Comice pear cultivars and Golden Delicious and Fuji
apple cultivars. In Bologna, the cultivars studied were Kaiser and
Conference for pears and Golden Delicious and Red-Chief for
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apples. After harvest, fruits were either immediately used or stored
at 1°C until the time of the assay.

Laboratory trials. Fruits were wounded at the stem (top)
and calyx (bottom) with a nail, making injuries that were 2 mm
in diameter and 2 mm deep. Fifteen microliters of aqueous sus-
pension of each yeast or fresh cell formulation was then applied
to each wound. The yeast concentration was adjusted to a pre-
defined concentration, and after air drying, 15 wnl of an aqueous
suspension of P. expansum at 10* conidia per ml was applied.
Twenty fruits constituted a single replicate, and each treatment
was replicated four times. The number of infected wounds was
evaluated after at least 1 month at 1°C for apples and 0°C for
pears and at a relative humidity of 85%.

During the first season, laboratory trials were carried out with
LF1, LF2, LF3, and SF1 formulations. These were tested at 103
CFU/ml in Bologna, at 107 or 108 CFU/ml in Prigonrieux, and at
107 CFU/ml in Lleida. The concentrations tested in Bologna and
Lleida were defined by results obtained in previous studies; how-
ever, in Prigonrieux, both concentrations were tested during the
first season, because this antagonist had never been previously
tested. During the second season, LF4, LF5, LF6, and LF7 for-
mulations were tested at 103 CFU/ml in Bologna and at 107 CFU/
ml in Prigonrieux and Lleida.

Semicommercial trials. Two varieties of both pears and ap-
ples were selected for each location to test the efficacy of fresh
cells and LF1. LF1 was chosen as the best formulation in labo-
ratory and semicommercial trials. Fruits (without artificial
wounds) were immersed for 1 min in fresh cell suspension plus
a P. expansum suspension at 103 conidia per ml or in the LF1
formulation plus a P. expansum suspension at 103 conidia per ml.
The antagonist concentration was adjusted to the concentration
used at each location: 108 CFU/ml in Bologna and 107 CFU/ml
in Prigonrieux and Lleida. Control fruits were dipped into a co-
nidial suspension of P. expansum. After treatment, apples were
stored at 1°C and pears at 0°C for at least 1 month. Sixty fruits
constituted a single replicate, and each treatment was replicated
six times. The number of infected fruits was evaluated at the end
of the storage period.

A study was carried out to monitor the population dynamics
of both fresh cells and the LF1 formulation. It involved dipping
fruits for 1 min in either fresh cells or an LF1 suspension at the
same concentration as that used in efficacy trials. No artificial
wounds were made to the fruits. After drying, the fruits were
stored at 1°C and a relative humidity of 85%. Population dynamics
were determined at 0 and 15 days and once a month throughout
the storage period. To determine the yeast populations on the
fruits, a known surface of peel was removed with a cork borer:
for pears, twenty 1.45-cm? pieces were taken from four fruits and
replicated, and for apples, twenty-five 2.5-cm? pieces were taken
from four fruits and replicated. The peel surface was shaken in
sterile phosphate buffer on a rotatory shaker for 20 min at 150
rpm. It was then sonicated for 10 min in an ultrasound bath. Serial
10-fold dilutions of the washings were carried out with 0.05 M
phosphate buffer and plated on nutrient yeast dextrose agar me-
dium supplemented with 0.5 g of streptomycin sulfate per liter.
After incubation at 25°C for 2 days, colonies were counted, and
their number per square centimeter of fruit surface was calculated.

Commercial trials. The efficacy of the biocontrol agent C.
sake in controlling the most important postharvest diseases on
pome fruits was tested at three commercial packinghouses located
in Lleida (Catalonia, Spain), Ferrara (Italy), and Saint-Just (near
Montpellier, France). The commercial trials were carried out on



J. Food Prot., Vol. 69, No. 11

TABLE 1. Standard controlled atmosphere (CA) conditions for
commercial trials

Locations Apple Pear

Lleida 0.5°C, 3% O, —0.5°C, 2.5% O, and
and 3% CO, 1.5% CO,

Ferrara 0.5°C, 2-3% O, —0.5°C, 4% O, and
and 3% CO, 2% CO,

Saint-Just 0.5°C, 2% O, —

and 1.5% CO,

apples and pears. Fruits from two different orchards were used for
each apple and pear cultivar, except at Saint-Just, where a large
number of orchards had been devastated by a storm, and hence,
only one orchard of Granny Smith apples was available. After
harvest, fruits were treated in a commercial drencher for appli-
cation of the following treatments: (i) control, fruits drenched in
water; (ii) LF1, fruits drenched in C. sake formulation at 107 CFU/
ml (Lleida and Saint-Just) or 3 X 107 CFU/ml (Ferrara); and (iii)
chemical, standard products used in each packinghouse. The
chemical treatments used in each packinghouse were as follows.
In Lleida, Golden Delicious apples were treated with a solution
of etoxiquin (72%, wt/vol; STOP Scald, Sipcam Inagra, Valencia,
Spain) plus imazalil (7.5%, wt/vol; Deccozil-S-7.5, Atochem Agri,
Plaisir, France) and folpet (7.5%, wt/vol; FOLTENE, Sipcam In-
agra) at commercial doses. Conference pears were also treated
with etoxiquin plus folpet (20%, wt/vol) and imazalil (7.5%, wt/
vol; FRUITGARD F/I, Fomesa Fruitech, Valencia, Spain) at com-
mercial doses. In Saint-Just, Granny Smith apples were treated
with thiabendazole (Xedazole 30 créme, 0.2 liters/hl) plus diphe-
nylamine (No-Scald 31, 0.63 liters/hl). In Ferrara, both Golden
Delicious apples and Kaiser pears were treated with thiabendazole
(0.05%, wt/vol; ‘Tecto 20S’°, Merck Sharp & Dohme, Rome, Ita-
ly). After treatment, fruits were stored under local standard con-
trolled atmosphere (CA) conditions until each packinghouse
opened its chambers (Table 1). In Ferrara, to increase the inci-
dence of natural infections, a set of fruits was stored under cold
conditions (0°C for pears and 1°C for apples). This set of fruits
consisted of four boxes chosen at random for replicates and treat-
ments. After storage, the number of fruits infected by each path-
ogen was evaluated, and the mold types were identified. The sam-
ple unit was one bin (around 2,050 apples and 1,250 pears) per
four replicates and per treatment.

In commercial trials, the population dynamics of this yeast
were examined just after treating the fruits and again at the end
of the storage period. The methodology used was the same as that
described for semicommercial trials.

Data analysis. Effects of treatments in the incidence of in-
fected wounds and fruits were analyzed by an analysis of variance
on data transformed to the arcsine of the square root of the pro-
portion of infected wounds and fruits. This transformation was
used to improve the homogeneity of variances. Statistical signif-
icance was judged at the level of P < 0.05. When the analysis
was statistically significant, the least significant difference (LSD)
test was used for mean separations.

RESULTS

Laboratory trials. The efficacy of the first four for-
mulations (one solid [SF1] and three liquid [LF1, LF2, and
LF3] formulations) of C. sake CPA-1 applied at 107 or 10®
CFU/ml to the control P. expansum was determined in two
varieties of apples and two varieties of pears for each lo-
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cation during the first season (Fig. 1A and 1B). In general,
these formulations have shown the same efficacy as fresh
cells in regard to controlling diseases due to P. expansum,
both when artificially infected and when subjected to cold
storage conditions for several months. For Blanquilla pears
from Lleida, the application of both fresh cells and all the
different formulations significantly reduced the number of
infected wounds with respect to the control fruits (a reduc-
tion of more than 85%) after 3 months under cold storage
conditions. Even so, no significant differences were found
among C. sake treatments (Fig. 1A). In Golden Delicious
apples from Prigonrieux, the incidence of disease was low
after 4 months of storage; only 29% of decayed fruits were
observed in the control fruits. The four formulations and
fresh cells showed excellent results, with an efficacy of be-
tween 95 and 100% (Fig. 1B). Moreover, trials carried out
with the concentration at 107 CFU/ml produced results that
were the same as those at 108 CFU/ml (data not shown).
Laboratory trials carried out in Bologna showed a similar
tendency, although a concentration of both fresh and for-
mulated cells at 103 CFU/ml had to be applied to obtain a
control similar to those used at the other locations (data not
shown).

During the second season, four new formulations and
fresh cells were also evaluated in laboratory trials (Fig. 1C
and 1D). In general, LF4, LF5, LF6, and LF7 formulations
showed levels of effectiveness similar to fresh cells in con-
trolling blue mold and were always able to significantly
reduce the incidence of decay with respect to the control
fruits. However, the percent reduction in the number of de-
cayed fruits was always lower with these formulations than
with those tested during the previous season. In Conference
pears from Prigonrieux, a moderate incidence of disease
was observed in the control fruits (around 50%), although
a high degree of disease control was observed with fresh
cell applications (with a reduction in disease of almost
86%) and with all formulations (a reduction from 52 to
72%). A slight increase in the number of infected fruits was
observed in formulated treatments, though no significant
differences were observed with respect to fresh cells (Fig.
1C). A higher incidence of blue mold decay was observed
in artificially wounded Red-Chief apples from Bologna
(Fig. 1D). All treatments—both fresh cells and formula-
tions—produced a significant reduction in the percentage
of infected fruits (from 42 to 72%) with respect to the con-
trol fruits.

On the basis of the results obtained for the viability
and efficacy of all the formulations tested in these trials,
and especially the economic aspects related to their prac-
tical application, the formulated product chosen for semi-
commercial and commercial trials was LFI1.

Semicommercial trials. In trials carried out in Lleida,
a reduction in the number of infected fruits was obtained
for both Blanquilla pears and Red-Chief apples with both
the fresh cell and LF1 formulation treatments (Fig. 2).
Fresh cells in Blanquilla pears showed the greatest reduc-
tion in disease (75% reduction), while LF1 was able to
reduce the incidence of decay to 41%. In Red-Chief apples,
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FIGURE 1. Effect of the biocontrol agent Candida sake against Penicillium expansum decay on Blanquilla pears from Lleida (A),
Golden Delicious apples from Prigonrieux (B), Conference pears from Prigonrieux (C), and Red-Chief apples from Bologna (D).
Treatments with fresh cells and different formulations (SF1, LF1, LF2, and LF3 in A and B; LF4, LF5, LF6, and LF7 in C and D)
were applied, and then P. expansum was suspended at 10 conidia per ml. The concentration of the biocontrol agent was 107 CFU/ml
in A and C and 105 CFU/ml in B and D. Twenty fruits constituted a single replicate, and each treatment was replicated four times.
The number of infected fruits was determined after cold storage at 0°C for 3 months and 45 days for Blanquilla and Conference pears,
respectively, and at 1°C for 4 months for both varieties of apples. Columns with the same letters indicate no significant differences (P
< 0.05) according to the LSD test.

no significant differences were found between fresh cells
(65% reduction) and the LF1 formulation (48% reduction)
with respect to the control fruits. Similar behavior was ob-
served in Conference pears, in which the reductions asso-
ciated with fresh cells and LF1 were 47 and 29%, respec-
tively (data not shown). No reduction was observed in
Golden Delicious apples when the fruits were treated with
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both fresh cells and LF1 because of the low incidence of
decay (less than 6%).

Trials carried out in Bologna and Prigonrieux showed
a very low incidence of disease (lower than 5% in the con-
trol batches); hence, a poor effect was obtained after the
biocontrol agent treatment. Fresh cells significantly con-
trolled only blue mold on Kaiser pears from Bologna.
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FIGURE 2. Effect of the biocontrol agent Candida sake against Penicillium expansum decay in semicommercial trials on Blanquilla
pears (A) and Red-Chief apples (B) from Lleida. Fruits were immersed for 1 min in a suspension containing a mixture of fresh cells
and conidia of P. expansum or in an LF1 formulation and conidia of P. expansum. The pathogen concentration was 10° conidia per
ml. Sixty fruits constituted a single replicate, and each treatment was replicated six times. The number of infected fruits was evaluated
after cold storage at 0°C for 3 months for pears and at 1°C for 8 months for apples. Columns with the same letters are not significantly
different (P < 0.05) according to the LSD test.
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FIGURE 3. Population dynamics of Candida sake CPA-1 on unwounded Conference pears (A) and Golden Delicious apples (B) treated
with fresh cells (@) or the LF1 formulation of C. sake (M). Fruits were kept under cold storage conditions for several months, and a
population evaluation was carried out each month. Four fruits constituted a single replicate, and each treatment was replicated four

times. Vertical bars indicate mean standard errors.

These showed levels of around 10% of infected fruits in
the control. There was a reduction in disease of 90% (1%
of infected fruits) in treated fruits (data not shown).

In general, a high presence of yeast was observed on
the surface of unwounded fruits, and this remained stable
throughout storage at all locations (10* to 10° CFU/cm?).
The population dynamics of C. sake during the cold storage
period, for both fresh and formulated cells in pome fruits
from Lleida, are presented in Figure 3. Excellent growth of
C. sake under cold storage conditions was observed in both
pears and apples, especially with the LF1 formulation, and
on Golden Delicious apples (Fig. 3B). On pears, the level
of the yeast on the fruit surface was lower (around 10°
CFU/cm?) but remained quite stable throughout the storage
period (Fig. 3A).

Commercial trials. We evaluated the control of natural
infection after applying the biocontrol agent in different
packinghouses. In Conference pears from Lleida, the inci-
dence of decay was slightly higher than 3% in orchard 1
and 2% in orchard 2, in the control fruits, after a commer-
cial storage period of 10 months under CA conditions (Fig.
4A). In orchard 1, no significant differences were found
between the control and LF1; chemical treatment was the
only treatment that was able to reduce decay (62%). In
orchard 2, the LF1 treatment showed a reduction in decay
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N W A~ O

Infected fruits (%)

T T

chemical LF1
TREATMENTS

control

to 56%; however, this reduction was not significant with
respect to the control or chemical treatment. The main
molds found on this cultivar were P. expansum, B. cinerea,
and Alternaria spp. Treatment efficacy on Golden Delicious
apples from Lleida is shown in Figure 4B. For orchard 1,
LF1 application produced an important reduction in inci-
dence with respect to the control fruits (57%). No signifi-
cant differences were found between chemical and biolog-
ical applications. For orchard 2, no significant differences
were found between treatments in relation to the control
fruits, probably because of the low incidence of disease in
these fruits (0.6%). The most important pathogens found in
this cultivar were P. expansum, B. cinerea, R. stolonifer,
and Alternaria spp.

As far as population dynamics were concerned, the
population of this biocontrol agent remained at around 103
CFU/cm? from the beginning (¢ = 0) to the end of the assay
(after the shelf life) in apples and increased from 6 X 103
to 6 X 10* CFU/cm? in pears. In both cultivars, a slight
decrease in population was observed by the end of the CA
period (Table 2).

Commercial trials carried out in a packinghouse at Fer-
rara (Italy) showed that after 3 months of storage under CA
conditions, the percentage of infected fruits was less than
0.4% for apples (control, 0.4%; LF1, 0.2%; and chemical,

’ B
3
2 2 a
=
=
B 1]
5 4 b a a
-
control chemical LF1
TREATMENTS

Bl ORCHARD 1
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FIGURE 4. Incidence of natural decay on Conference pears (A) and Golden Delicious apples (B) in a commercial trial carried out in
a packinghouse at Lleida. After harvest, fruits were treated in a packinghouse with one of the following treatments: (i) water (control);
(ii) C. sake formulation at 107 CFU/ml (LF1); or (iii) chemical treatments usually used in the packinghouse (chemical). The application
system was a commercial drencher. Two orchards were monitored for each variety of pome fruit used (B, orchard 1, and V3, orchard
2). The sample unit was one bin per four replicates and per treatment. After the treatments, fruits were stored under CA conditions,
and after the storage period, the percentage of decayed fruits was recorded. For each orchard, columns with the same letters are not

significantly different (P < 0.05) according to the LSD test.
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TABLE 2. Population of C. sake formulation (LF1) on unwounded pome fruits from different packinghouses®

Viable cells of C. sake formulation (LF1) after different storage periods (CFU/cm?)

Pome fruit Cold
Location variety 0 CA storage (°C) Shelf life
Lleida Golden Delicious apples 1.6 X 10° A 9.2 X 10% A ND? 1.5 X 103 A
Conference pears 6.9 X 10° B 1.3 X 103 ¢ ND 6.2 X 10* A
Ferrara Golden Delicious apples 6.0 X 10° B 1.6 X 103 ¢ 2.4 X 10* A 2.0 X 103 ¢
Kaiser pears 1.1 X 10* B 2.1 X 10* ¢ 8.4 X 10* A 2.4 X 10* B
Saint-Just Granny Smith apples 1.9 X 103 A 14 X 10B ND ND

@ The study was carried out just after treatment (0), after a commercial storage period in a controlled atmosphere (CA), after cold
storage, and after 7 days at 20°C (shelf life). LF1 fruits were drenched in C. sake formulation at 107 CFU/ml (Lleida and Saint-Just)
or 3 X 107 CFU/ml (Ferrara). The sample unit was four fruits per four replicates. For each orchard and cultivar, files with the same

letters are not significantly different (P < 0.05) according to the LSD test.

b ND, not detectable.

0.1%) and 4% for pears (control, 3.2%; LF1, 2.3%; and
chemical, 1.2%). In Ferrara, after 4 months plus the shelf
life, the incidence of disease was evaluated again. In all
trials, the predominant pathogen was P. expansum (Fig. 5).
In Kaiser pears, P. expansum spread quickly at the end of
the shelf life (Fig. 5A). In orchard 1, the LF1 treatment
significantly reduced disease when compared to the control
(65%) and the chemical treatment. No differences were
found between the control and the chemical treatment. In
orchard 2, the reduction in the number of decayed fruits
with LF1 was significantly greater than with the chemical
treatment. The presence of blue mold was considerably
lower in Golden Delicious apples than in pears (Fig. 5B).
The LF1 treatment significantly reduced the incidence of
disease in both orchards, but especially in orchard 2. In this
orchard, no control was observed with the chemical treat-
ment.

As for the population dynamics of apples from orchard
1, the population of C. sake decreased during the period of
CA storage (from 6.1 X 103 to 1.6 X 103 CFU/cm?),
whereas the population among fruits from orchard 2 tended
to remain stable (2.8 X 103 CFU/cm?). After storage under
cold conditions, the population size in fruits from the two
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orchards increased by about 1 log. In pear fruits from dif-
ferent sources (orchards 1 and 2), the population increased,
with only slight differences during CA storage, and in-
creased by almost 1 log under cold conditions, though it
subsequently decreased during the shelf life (Table 2).

Commercial trials carried out in Prigonrieux (France)
showed a very low incidence of decay in the only orchard
tested (less than 0.1% for Penicillium spp. and 0.2% for
the other pathogens); therefore, no differences were ob-
served between the control and LF1 treatment (0% for the
chemical treatment). Furthermore, about 50% of the fruits
from the control and LF1 treatments were affected by su-
perficial scald. A low population of yeast was observed on
Granny Smith apples (Table 2).

DISCUSSION

Detailed pilot-scale trials were carried out with the bio-
control agent C. sake CPA-1 to define its most appropriate
future applications in packinghouses. Other authors have
reported the efficacy of fresh cells of this biocontrol agent
under different pre- and postharvest conditions (33, 36, 37,
39). However, the scope of this study was also expanded
to evaluate the antagonistic activity of formulated yeast-

16
9 B
< 124 =
{72}
-‘é a
“-E,‘J 8
L b
Q
E 44 h h
0 - j
CONTROL  CHEMICAL LF1

Bl ORCHARD 1
ORCHARD 2

FIGURE 5. Incidence of natural decay due to blue mold on Kaiser pears (A) and Golden Delicious apples (B) in a commercial trial
carried out in Ferrara. After harvest, fruits were treated in a packinghouse with one of the following treatments: (i) water (control);
(ii) C. sake formulation at 3 X 107 CFU/ml (LF1); or (iii) chemical treatments usually used in the packinghouse (chemical). The
application system was a commercial drencher. Two orchards were monitored for each variety of pome fruit used (B, orchard 1, and
U, orchard 2). The sample unit was one bin per replicate and treatment. After the treatments, fruits were stored for 3 months under
CA, for 4 months under cold conditions, and for 7 days at 20°C. After the storage period, the decayed fruits were recorded. For each
orchard, columns with the same letters are not significantly different (P < 0.05) according to the LSD test.
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based products at different locations within the Mediterra-
nean area. This biocontrol agent therefore had to work over
a wide range of conditions and combat different pathogen
strains, in different environmental conditions, at points of
origin and in packinghouses where it has never been tested
before. Furthermore, the cultivars tested in this study in-
cluded some of the most important pome fruit varieties pro-
duced in the European Union, such as Golden Delicious
apples and Conference pears.

This study showed the effectiveness of a formulated
product developed for commercial applications and used to
control postharvest disease, particularly blue mold, on
pome fruits. The development of this biocontrol product
involved several different steps, some of which have been
described in detail by other authors. An economical mass
production method that involves the use of industrial waste
materials has already been developed for C. sake (2). The
next step was to develop a shelf-stable formulated product
that retains a level of biocontrol activity similar to fresh
cells of the microorganism (/7). All of the formulations of
C. sake tested in this study showed a level of efficacy sim-
ilar to fresh cells in controlling disease due to P. expansum,
even for different varieties and locations. To be commer-
cially acceptable, the production and formulation of the
product must be cheap, and its application must be com-
patible with packinghouse operations (25). Not all of the
formulations tested in this study were viable for commercial
trials from a practical and economic point of view. Only
one liquid formulation, LF1, was selected for semicom-
mercial and commercial trials because it was cheap to pro-
duce, easily suspended in water, and as effective as fresh
cells in semicommercial applications. Furthermore, it could
be applied as successfully as chemical treatments in drench-
er applications. This formulation had a final concentration
of 5 X 10° to 7 X 10° CFU/ml after 2 to 3 months of
storage at 4°C. Thus, a 1,000-liter drencher (for a treatment
dose of 107 CFU/ml) requires 1.5 to 2.5 liters of product,
which is usual for postharvest applications of chemicals.
The storage and transport of formulated products at 4°C
appear not to be an obstacle to their commercialization, as
other products, such as BioSave 100 and 110, are sold in
that way. Other studies will be required to examine the
feasibility of extending the shelf life of the product.

In several commercial trials, LF1 reduced the incidence
of natural infection to less than 50%. Moreover, the applied
dose of this formulation exhibited good pathogen control
in a variety of pome fruit cultivars. This is an important
factor to take into account for future commercial applica-
tions, because not all biocontrol agents have this property.
For example, the biocontrol agent Pseudomonas syringae
had to be applied at a higher dose in pears than in apples
to obtain the same level of control against P. expansum
(15). Other yeasts used as biofungicides in semicommercial
and commercial trials were applied at a concentration of
108 CFU/ml to achieve effective biocontrol activity (9—11).

The recommended dose of C. sake CPA-1 for com-
mercial trials was 107 CFU/ml in both Lleida and France
and was a little higher in Ttaly (3 X 107 CFU/ml). In Italy,
the greater virulence of P. expansum strains meant that it
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was necessary to apply a higher dose of C. sake to control
blue mold (22). Doses of around 108 CFU/ml of a strain of
Metschnikowia pulcherrima were also required to control
P. expansum on apples in trials carried out in Italy (30).
Over 80% of P. expansum isolates from pears in Italian
packinghouses are resistant to thiabendazole and, moreover,
show a higher level of pathogenic fitness on fruits and pro-
duce larger lesions than more sensitive isolates (5). This
also explains the poor performance of thiabendazole, which
is frequently associated with its synergic effect on resistant
strains. Results obtained from pears treated with thiaben-
dazole confirmed the inefficiency of the thiabendazole treat-
ment when resistant strains are present (23). In the presence
of resistant biotypes of P. expansum, thiabendazole also
proved ineffective against blue mold on d’Anjou pears (9)
and on Golden Delicious, Red Delicious, and Empire ap-
ples (11).

C. sake demonstrated a high level of adaptation for
growing in pome fruit tissue and for achieving similar con-
trol on a number of different pome fruit cultivars, including
Conference, Blanquilla, Golden Delicious, and Red-Chief.
Population studies of this antagonist showed that it grows
rapidly on the surface of unwounded pome fruits and is
adapted to develop under commercial conditions, at low
temperatures, and under CA conditions. In semicommercial
trials, there was a greater population of LF1 than of fresh
cells; this indicated the vitality of this strain in the formu-
lated product and the lack of adverse effects during the
formulation process that might otherwise have limited the
adaptation of this microorganism to the wound environ-
ment. Our results confirm those obtained by Janisiewicz
and Jeffers (17) for the biofungicide BioSave 11, based on
a strain of P. syringae.

Our study showed an important degree of variability in
postharvest decay due to this biocontrol agent, which was
applied under a wide range of conditions. In some loca-
tions, the main obstacle to observing differences between
this formulation and the standard fungicides used in pack-
inghouses was the low incidence of decay in commercial
trials. Because P. expansum requires a wound to initiate
infection, resistance of the epidermis to breakage could be
a key factor in the resistance of pome fruits to decay. Spotts
et al. (32) reported that the incidence of wounding in
d’ Anjou and Bosc pears could be due to a lack of care when
harvesting the fruits. In addition to their sensitivity during
harvest and postharvest treatments, the skin of fruits could
play an important role in resistance to pathogens. A study
about the level of resistance to decay among apple cultivars,
which evaluated epidermal resistance to breakage and sinus
opening, showed that Golden Delicious apples have a ten-
der epidermal layer and that their cortical tissue is moder-
ately susceptible to P. expansum (31). More in-depth re-
search should be conducted to investigate the high degree
of variability in the results obtained from semicommercial
and commercial trials.

An understanding of the modes of action of biological
control agents is important for the commercial development
of biopesticides and especially for fulfilling certain require-
ments of the registration procedure for commercial use.
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Various mechanisms have been described, including anti-
biosis, the production of lytic enzymes, induced resistance,
competition for nutrients and space, and even resistance to
oxidative stress (6). Competition for nutrients could play
the main role in the biocontrol of C. sake CPA-1 on pome
fruits (13). This mode of action has also been recently de-
scribed for several yeasts (7, 12, 30, 38). Neither in vitro
nor in vivo inhibition of P. expansum was detected in cul-
ture filtrates of C. sake CPA-1 grown in different media
(13). This observed lack of antagonism for C. sake suggests
that the experimental conditions did not exert any antibiotic
activity against P. expansum. The putative mode of action
of this yeast could be an advantage for expediting its reg-
istration as a biofungicide product.

The clear need to develop new and alternative methods
for controlling postharvest disease has prompted the devel-
opment of three different biological control products: As-
pire (Candida oleophila 1-182, Ecogen, Langhorne, Pa.) for
citrus fruits and BioSave 110 (P. syringae, EcoScience,
Worcester, Mass.; formerly BioSave 11) and YieldPlus for
apples and pears, although none of these products has been
developed in Europe. The development of a practical bio-
logical product for Europe would be an important way of
enabling growers to reduce their dependence on chemical
treatments. One of these fungicides could be a C. sake—
based product.
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