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ABSTRACT

The effectiveness of Candida sake (CPA-1) in combination with Pantoea agglomerans (CPA-2) for controlling Penicillium
expansum and Botrytis cinerea on pears and apples was determined. The concentrations tested were 2 3 106 and 2 3 107

CFU/ml for C. sake and 2 3 107 and 8 3 107 CFU/ml for P. agglomerans. At room temperature, the two antagonists were
combined in proportions of 0 to 100% in 25% increments. At the proportion of 50:50, no rot development was observed in
pears, and the greatest control of blue mold in apples was observed at this proportion for all the tested concentrations. Under
cold temperature on pears, the highest effectiveness of the mixture was observed when C. sake at 2 3 107 CFU/ml was
combined with P. agglomerans at 2 3 107 or at 8 3 107 CFU/ml at the proportion 50:50. Under these conditions, no rot
development of blue mold was reported, and gray mold lesion size was reduced by more than 95%. On apples, the mixture
of C. sake at 2 3 107 CFU/ml and P. agglomerans at 8 3 107 CFU/ml at the proportion 50:50 reduced blue and gray mold
incidence by 90%. Populations of the two antagonists had the same growth pattern at 208C when they were applied individually
or in combination, but the population level was always higher when they grew alone. In contrast, at 18C, the population of
both antagonists in combination formed a stable community with the same levels as individual application during the � rst 30
days; after that, C. sake dominated, and P. agglomerans decreased on apples and pears. At both temperatures, the maximum
population level of C. sake was observed in apples, and the maximum population level of P. agglomerans was observed in
pears.

Postharvest decay represents major losses in the pome
fruit industry. Blue mold caused by Penicillium expansum
Link (14) is the most important postharvest disease of ap-
ples and pears worldwide, followed by Botrytis cinerea
Pers (gray mold).

Synthetic fungicide use is being curtailed (5) because
of the development of resistant pathogens (17, 25) and the
concern for public and environmental safety. There is a
clear need to develop new alternative methods for control-
ling postharvest diseases. During the last few years, bio-
logical control of postharvest diseases has become an al-
ternative and has been demonstrated for several fruits (6,
7, 12, 15, 18, 19, 21, 24).

In any biocontrol system, the economic aspects are
very important. Primarily, the biocontrol agent must be
compatible with fruits in storage conditions and have a
broader spectrum of activity that is capable of controlling
multiple diseases in different fruits. However, in general,
single biological agents have a relatively narrow spectrum
of activity compared with fungicides (9). Higher concen-
trations of the antagonist must be applied to achieve more
effective control (8, 16), but increasing antagonist popula-
tions make biocontrol less economical.

Use of a combination of microorganisms with antag-
onistic activity could improve the spectrum of activity and
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reduce the required concentration of the biocontrol agent.
The mixture of antagonists may overcome some shortcom-
ings of individual antagonists, increasing the reliability and
ef� cacy of the biocontrol system.

Use of antagonists in a mixture to broaden the spec-
trum activity has been suggested and conducted for many
years, mainly in soils. However, the studies did not compare
the biocontrol ef� cacy of the individual antagonists with
that of the mixture (8). In apple fruits, Janisiewicz and Bors
(9) reported higher control against B. cinerea and P. ex-
pansum with the combination of Sporobolomyces roseus
and Pseudomonas syringae than with the individual antag-
onist.

In previous work, a naturally occurring yeast, Candida
sake (Saito and Ota) van Uden and Buckley (strain CPA-
1) (24), and a bacterium, Pantoea agglomerans Gavini,
Mergaert, Beji, Mielcareck, Izard, Kersters De Ley (1989)
(CPA-2) (23), were isolated from apple surfaces and exhib-
ited activity against B. cinerea, P. expansum, and Rhizopus
stolonifer on apples and pears as well as on citrus fruit (19).

The objective of this work was to enhance the biocon-
trol capacity of CPA-1 and CPA-2 by combining them and
reducing the required concentration for controlling blue and
gray mold on apples and pears.

MATERIALS AND METHODS

Antagonists and pathogens. The antagonists used in this
study were the yeast CPA-1 (24) and the bacterium CPA-2 (23),
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both isolated from apple surfaces. Antagonist cells were prepared
by growing cultures in nutrient yeast dextrose broth (nutrient broth
8 g/liter, yeast extract 5 g/liter, and dextrose 10 g/liter) for 24 to
40 h at 25 6 18C with shaking at 150 rpm. The medium was
centrifuged (Avanti J-25, Beckman, Palo Alto, Calif.) at 8,315 3
g for 10 min, and the cells were resuspended in deionized water.
Desired concentrations of the yeast were obtained by adjusting the
suspension with a hemacytometer, and the bacteria concentrations
were obtained by adjusting the suspension according to a standard
curve with a spectrophotometer (CECIL CE 1020, Cambridge,
UK) by measuring the optical density at 420 nm.

P. expansum and B. cinerea were isolated from decayed ap-
ples after several months in storage. These isolates were the most
aggressive ones in our collection. The fungi were maintained on
potato dextrose agar with periodic transfers through apples. The
concentration of the conidial suspensions was determined with a
hemacytometer. The conidial suspensions of 104 conidia/ml were
prepared from 10- and 14-day-old cultures of P. expansum and B.
cinerea, respectively.

Fruit. Golden Delicious apples and Blanquilla pears were
obtained from commercial orchards in Lleida, Catalonia. The
fruits were used just after harvest or after storage at 18C for no
longer than 5 months.

Biocontrol tests: room temperature. The objective of this
experiment was to determine the best concentrations and propor-
tions of the combination of CPA-1 with CPA-2 against P. expan-
sum on Golden Delicious apples and Blanquilla pears. The con-
centrations tested for C. sake were 2 3 106 and 2 3 107 CFU/
ml, and those for P. agglomerans were 2 3 107 and 8 3 107

CFU/ml. The yeast and the bacterium for each tested concentra-
tion were mixed in proportions of 0 to 100% in 25% increments.
Surface-sterilized fruits were wounded by removing blocks of 3
by 3 by 3 mm at the stem (top) and calyx (bottom) end. Then,
25 ml of aqueous suspension of the antagonists alone or in mixture
was pipetted into the wound, followed by inoculation with 20 ml
of an aqueous suspension of P. expansum or B. cinerea. Three
fruits constituted a single replicate, and each treatment was rep-
licated three times. Lesion diameter and infected wounds were
measured after 7 days of incubation at 20 6 18C and 85 6 5%
relative humidity in a conditioned room. The test was repeated
twice.

The best combinations of C. sake with P. agglomerans were
selected for testing under cold storage against P. expansum and
B. cinerea.

Biocontrol tests: cold storage. The apples and pears were
treated as above. The pathogens were P. expansum and B. cinerea.
Ten fruits constituted a single replicate, and each treatment was
replicated three times. The fruits were stored at 18C and 90 6 5%
relative humidity for 60 days. The test was repeated twice.

Population dynamics of mixed antagonists in wounded
fruits. A wound approximately 1 mm long and 2 mm deep was
made with a sharp palette knife at two locations, midway between
the calyx and the stem end on apples and pears. The fruits were
then dipped for 30 s in an aqueous suspension of each antagonist
alone or in combination. The concentration of P. agglomerans or
C. sake was 2 3 107 CFU/ml, and the proportion of the antago-
nists for the combination was 50:50 based on the results from the
above experiment. The fruits were placed on tray packs in plastic
boxes and incubated at 208C and 85 6 5% relative humidity or
18C and 90 6 5% relative humidity. Fruit samples were taken to
determine the numbers of CFU of the antagonist at 208C for 0,
24, 48, 72, and 168 h and at 18C for 0, 15, 30, 45, and 60 days

after inoculation. On pears, 20 pieces of peel surface of 1.45 cm2

and, on apples, 25 pieces of peel surface of 2.5 cm2 were removed
with a cork bore from each fruit. Four fruits were selected for
each replicate, and each treatment was replicated three times. The
peeled surface pieces of pears and apples were shaken in a 50-
and 100-ml sterile phosphate buffer (pH 6.8), respectively, on a
rotary shaker (Rotabit, Selecta, Abrera, Catalonia) for 20 min at
150 rpm and then sonicated for 10 min in an ultrasound bath
(Ultrasons, Selecta).

Tenfold serial dilutions of the washings were made and plat-
ed on petri dishes. Samples from populations of the antagonists
alone or in mixture were plated in duplicate in nutrient yeast dex-
trose agar supplemented with streptomycin to recover yeast cells
and in starch agar medium (soluble starch 3 g/liter, yeast extract
5 g/liter, peptone 5 g/liter, and agar 15 g/liter (1)) supplemented
with imazalil (imazalil sulphate 99%) to recover bacteria cells.
Colonies were counted after incubation at 25 6 18C for 24 h for
P. agglomerans and 48 h for C. sake. Population sizes were ex-
pressed as CFU/cm2 of fruit surface. The experiment was carried
out twice.

Statistical treatment. The incidence and severity of decay
were analyzed by an analysis of variance with SAS software (SAS
Institute, version 6.08, Cary, N.C.). Statistical signi� cance was
judged at the level P , 0.05. When the analysis was statistically
signi� cant, the least signi� cant difference test was used for sep-
aration of means. Data of antagonist populations (CFU/cm2) were
transformed to logarithms to improve the homogeneity of vari-
ances. Data of separate experiments were pooled when statistical
analysis determined the absence of signi� cant interactions be-
tween treatments and experiments.

RESULTS

Biocontrol tests: room temperature. All combina-
tions of C. sake and P. agglomerans signi� cantly reduced
the development of blue mold in both pear and apple fruits
(Tables 1 and 2). Increasing the concentration of the antag-
onists signi� cantly reduced the incidence and severity of P.
expansum. The ratio of the antagonists also signi� cantly
in� uenced the control of the decay. At the lowest tested
concentration of both antagonists, the combination of C.
sake:P. agglomerans at the ratios 75:25 and 50:50 in-
creased the ef� cacy of the antagonist alone in pears (Table
1) and apples (Table 2).

On pears, when the combination was composed of one
antagonist at the highest tested concentration and the other
at the lowest tested concentration, the ef� cacy of the com-
bination was improved only in relation to the antagonist at
the lowest concentration used alone. When both antagonists
were applied at the highest tested concentrations, the ef� -
cacy of combination did not improve biocontrol ef� cacy.
The ratio 50:50 of the antagonists at all tested concentra-
tions completely reduced blue mold decay in pears.

On apples, the best proportion of the antagonists for
controlling blue mold decay was also 50:50, and at this
proportion, the combination of the antagonists was more
effective than P. agglomerans applied individually, at both
tested concentrations, and was higher than C. sake applied
individually at 2 3 106 CFU/ml. At 50:50, for all tested
concentrations, reduction of severity and incidence of blue
mold were greater than 87 and 72%, respectively. The treat-
ment of C. sake at 2 3 107 CFU/ml in combination with
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TABLE 1. Effect of the ratio of C. sake (CPA-1) and P. agglom-
erans (CPA-2) on the control of severity (lesion diameter) and
incidence (percentage of infected wounds) of P. expansum in Blan-
quilla pears

Mixture
Candida sake:

Pantoea agglomerans
(CFU/ml)

Proportion
C. sake:

P. agglomerans
Severity
(mm)a

Incidence
(%)a

0:0
2 3 106:2 3 107

0:0
100:0
75:25
50:50
25:75
0:100

28.8 A

8.9 B

0 D

0 D

6.4 B

8.9 B

100 A

39 B

0 C

0 C

39 B

44 B

2 3 106:8 3 107 100:0
75:25
50:50
25:75
0:100

8.9 B

0.5 D

0 D

0.4 D

2.9 CD

39 B

6 C

0 C

6 C

11 C

2 3 107:2 3 107 100:0
75:25
50:50
25:75
0:100

3 CD

1.4 D

0 D

1.4 D

8.9 B

11 C

11 C

0 C

6 C

44 B

2 3 107:8 3 107 100:0
75:25
50:50
25:75
0:100

3 CD

0.7 D

0 D

0 D

2.9 CD

11 C

11 C

0 C

0 C

11 C

a Means of 18 lesions measured after 7 days of incubation at 208C.
Different letters in the same column indicate signi� cant differ-
ences according to the least signi� cant difference (LSD) test (P
, 0.05).

P. agglomerans at 8 3 107 CFU/ml (50:50) reduced se-
verity and incidence of blue mold by more than 94%.

The treatments selected to assay in cold storage against
blue and gray mold on pears and apples were all the tested
concentrations of the antagonists in a proportion of 50:50.

Biocontrol tests: cold storage. All treatments signi� -
cantly reduced blue and gray mold on pears (Fig. 1) and
apples (Fig. 2).

Complete control of blue mold was obtained on pears
protected with the mixture of antagonists at a ratio of 50:
50 at all tested concentrations, except when the mixture was
composed of the lowest concentrations of the antagonists
(C. sake 2 3 106 CFU/ml with P. agglomerans 2 3 107

CFU/ml), in which the incidence of blue mold was reduced
by 62%, which is similar to the effect of individual appli-
cation of the antagonists (Fig. 1A). Against gray mold on
pears, enhancement of the biocontrol activity of both an-
tagonists applied alone occurred at all tested concentrations,
except when the mixture was composed of C. sake 2 3 106

CFU/ml plus P. agglomerans 8 3 107 CFU/ml (Fig. 1B).
The best ef� cacy against blue mold on pears was observed
with the treatment of C. sake 2 3 107 CFU/ml combined
with P. agglomerans 8 3 107 CFU/ml at a ratio of 50:50,
and this treatment reduced incidence by 95% and severity
by 98%.

On apples, when C. sake and P. agglomerans were
used at the high concentration to control P. expansum de-
cay, there was not a difference in ef� cacy in using these
antagonists alone or in their different combinations. When
the combination was composed of one antagonist at the
highest tested concentration and the other at the lowest test-
ed concentration, the ef� cacy of the combination was im-
proved only in relation to the antagonist at the lowest con-
centration used alone. The treatment combining C. sake 2
3 107 CFU/ml with P. agglomerans 2 3 107 CFU/ml at a
ratio of 50:50 reduced blue mold incidence by more than
90% (Fig. 2A), while P. agglomerans 2 3 107 CFU/ml
reduced blue mold incidence by 64%. The best ef� cacy
against B. cinerea on apples was observed with the treat-
ment C. sake 2 3 107 CFU/ml with P. agglomerans 8 3
107 CFU/ml, with reduced decay incidence of 90% (Fig.
2B). This treatment enhanced biocontrol activity of both
antagonists.

Population dynamics of mixed antagonists in
wounded fruits. The population dynamics of P. agglom-
erans and C. sake in mixture or individual application in
wounded pears is displayed in Figure 3 and, in wounded
apples, in Figure 4.

On pears at 208C, the population of P. agglomerans
showed the same pattern alone or in the presence of C.
sake, but the number of cells was around half when it was
grown in mixture (Fig. 3A). In both treatments, during the
� rst 24 h, the population of P. agglomerans increased more
than 100-fold and reached the maximum level. In contrast,
under cold storage, P. agglomerans in mixture reached the
maximum population after 30 days, and this maximum was
similar to that found when it was applied individually (Fig.
3B). However, at the end of the experiment, the population
of P. agglomerans in the presence of C. sake decreased to
6.6 3 103 CFU/cm2, whereas P. agglomerans applied in-
dividually remained stable at 3 3 104 CFU/cm2. The pop-
ulation of C. sake alone or in mixture showed the same
pattern in wounded pears at 208C (Fig. 3A). The population
of C. sake applied individually during the � rst 24 h in-
creased threefold, and at the end of the experiment, the
population recovered was 1.9 3 104 CFU/cm2. In mixture
during the � rst 24 h, it increased fourfold, and at the end
of the experiment, the population recovered was 8 3 103

CFU/cm2. Unlike the growth rate of P. agglomerans, that
of C. sake on wounded pears under cold storage was higher
than under room temperature. At 18C, when it was applied
individually and in mixture, the maximum population of C.
sake was reached after 30 days and was 7.5- and 33-fold
higher, respectively, than the population initially recovered
(Fig. 3B).

On apples stored at 208C, the population dynamics of
both antagonists showed the same pattern alone or in mix-
ture (Fig. 4). The maximum population of P. agglomerans
alone or in mixture was reached after 72 h. When it was
applied individually, the population increased more than
230-fold, and in the presence of C. sake, it increased more
than 150-fold (Fig. 4A). However, as in pears, at the end
of the experiment, the population of P. agglomerans ap-
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TABLE 2. Effect of ratio of C. sake (CPA-1) and P. agglomerans (CPA-2) on the control of severity (lesion diameter) and incidence
(percentage of infected wounds) of P. expansum in Golden Delicious apples

Mixture
Candida sake:

Pantoea agglomerans
(CFU/ml)

Proportion
C. sake:

P. agglomerans
Severity
(mm)a

Incidence
(%)a

0:0
2 3 106:2 3 107

0:0
100:0
75:25
50:50
25:75
0:100

23.4 A

10.4 BC

3.4 EF

3.1 EF

12.8 B

12.4 B

100 A

56 CD

28 FG

28 FG

78 B

67 BC

2 3 106:8 3 107 100:0
75:25
50:50
25:75
0:100

10.4 BC

10.5 BC

2.1 EF

4.4 DE

8.2 CD

56 CD

56 CD

17 GH

33 EF

44 DE

2 3 107:2 3 107 100:0
75:25
50:50
25:75
0:100

4.2 EF

4.1 EF

2.9 EF

4.1 EF

12.4 B

33 EF

28 FG

28 FG

28 FG

67 BC

2 3 107:8 3 107 100:0
75:25
50:50
25:75
0:100

4.2 EF

4.4 E

0.5 F

5.3 DE

8.2 CD

33 EF

28 FG

6 H

33 EF

44 DE

a Means of 18 lesions measured after 7 days of incubation at 208C. Different letters in the same column indicate signi� cant differences
according to the least signi� cant difference (LSD) test (P , 0.05).

FIGURE 1. Effect of C. sake and P. agglomerans applied alone or in combination at a proportion of 50:50 on incidence of (A) P.
expansum and (B) B. cinerea on Blanquilla pears. Suspensions of the antagonists were prepared, and the mixture was made by combining
equal volumes of suspension of each antagonist. Fruits were wounded, inoculated with antagonists alone or in mixture, challenged with
104 conidia·ml21 of the pathogen, and incubated for 60 days at 18C. Columns with the same letter are not signi� cantly different (P ,
0.05) according to the least signi� cant difference (LSD) test.

plied individually was two times higher than that found in
mixture. Under cold storage on apples, P. agglomerans in
the presence of C. sake has the same growth behavior as
in pears, reaching the maximum population during the � rst
30 days and decreasing more than eightfold during the next
30 days. In contrast, when applied individually, P. agglom-

erans increased during the � rst 15 days and remained stable
until the end of the experiment.

The growth rate of C. sake was higher on apples than
on pears, and on apples at 208C, it was higher in mixture
than when applied individually. Under room temperature,
C. sake applied individually or in the presence of the bac-
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FIGURE 2. Effect of C. sake and P. agglomerans applied alone or in combination at a proportion of 50:50 on incidence of (A) P.
expansum and (B) B. cinerea on Golden Delicious apples. Suspensions of the antagonists were prepared, and the mixture was made
by combining equal volumes of suspension of each antagonist. Fruits were wounded, inoculated with antagonists alone or in mixture,
challenged with 104 conidia·ml21 of the pathogen, and incubated for 60 days at 18C. Columns with the same letter are not signi� cantly
different (P , 0.05) according to the least signi� cant difference (LSD) test.

FIGURE 3. Population dynamics in wounds of Blanquilla pears inoculated with antagonists P. agglomerans (CPA-2) and C. sake (CPA-
1) individually or in a 50:50 mixture and incubated at (A) 208C and (B) 18C. Bars represent standard error. Symbols: 100% P.
agglomerans; 50% P. agglomerans; N 100% C. sake; and n 50% C. sake.

terium had the maximum growth rate in the � rst 24 h and
remained stable until the end of the 168-h period. At this
time, the number of viable cells was similar when C. sake
was applied individually or in mixture on apples (Fig. 4A).
On apples stored at 18C, the population of C. sake in the
presence of P. agglomerans increased 48-fold during the
� rst 15 days, whereas when it was applied individually, it
increased 26-fold (Fig. 4B). By day 15, the population of
C. sake reached the same level when applied individually
as in the presence of the bacterium, and it remained at this
level until the end of the experiment.

DISCUSSION

Previously, control of the major postharvest diseases
was studied on apples using C. sake (CPA-1) (24) and on
pears (20) and on apples and pears using P. agglomerans
(CPA-2) (13, 23). It was observed that C. sake is more
effective at controlling postharvest diseases on apples than
on pears, whereas P. agglomerans is more effective at con-

trolling postharvest diseases on pears than on apples. We
therefore hypothesized that the combination of the two an-
tagonists could improve the effectiveness of each one to
control postharvest diseases in pome fruits by overcoming
some small disadvantages of individual antagonists and that
this might reduce the cost of treatments by allowing the
concentration of the antagonists to be reduced.

Almost no experiments simulating biocontrol ef� cacy
with a mixture of antagonists to control postharvest disease
of pome fruits have been reported (8).

In our study, we demonstrated that the mixture of C.
sake and P. agglomerans enhanced biocontrol of P. expan-
sum and B. cinerea on mature apples and pears in compar-
ison with control by the antagonists applied separately.

Preliminary assays at room temperature showed that
the best ratio of the antagonists in mixture to control P.
expansum was 50:50. At this proportion, the mixture of the
antagonists at the lowest tested concentration enhanced bio-
control of P. expansum and B. cinerea compared with the
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FIGURE 4. Population dynamics in wounds of Golden Delicious apples inoculated with antagonists P. agglomerans (CPA-2) and C.
sake (CPA-1) individually or in a 50:50 mixture and incubated at (A) 208C and (B) 18C. Bars represent standard error. Symbols:
100% P. agglomerans; 50% P. agglomerans; N 100% C. sake; and n 50% C. sake.

control by treatments with the antagonists applied separate-
ly. When the mixture was composed of the highest concen-
tration of one of the antagonists, the enhancement of bio-
control was usually only in relation to the treatment with
the antagonists applied separately at the lowest concentra-
tion used alone. Because the response of biocontrol
achieved with the mixture at 50:50 indicated optimal per-
formance, this ratio was used for further tests at cold tem-
perature to evaluate the effectiveness of the mixtures in
controlling P. expansum and B. cinerea on apples and
pears. In these tests, the ef� cacy of the mixtures at 50:50
was maintained. The bene� cial effect of the mixture on
pears was observed at all tested concentrations, except for
C. sake 2 3 106 CFU/ml plus P. agglomerans 2 3 107

CFU/ml against blue mold and C. sake 2 3 106 CFU/ml
plus P. agglomerans 8 3 107 CFU/ml against gray mold,
while on apples, the enhancement of biocontrol activity was
observed only in controlling gray mold at the highest con-
centration of both antagonists. Similar results were obtained
by Janisiewicz and Bors (9). They reported that the mixture
of P. syringae and S. roseus at equal biomass and in a ratio
of 50:50 enhanced biocontrol of P. expansum on apples
compared with the control of the antagonists applied sep-
arately at a biomass equivalent to that of the mixture.

C. sake and P. agglomerans are very effective in col-
onizing apple and pear wounds either at room or cold tem-
perature (23, 24). In wounded fruits at room temperature,
both antagonist populations showed the same pattern in
mixture as in individual population, but they did not reach
the same population level. These negative effects on the
population dynamics of both antagonists in mixture could
result from competition for the same nutrients by the mi-
croorganisms rather than for space. This conclusion is sup-
ported by the fact that at cold temperature, the population
of C. sake and P. agglomerans in mixture increased to the
same level as in individual applications. Nevertheless, at
the end of the experiment, the population recovery of P.
agglomerans in mixture was lower than in individual ap-
plication both on apples and pears. These results under cold
temperature could indicate neutralism (i.e., neither species
affects the other) between the antagonists at the beginning

that changes to amensalism (i.e., the growth of C. sake is
negative to P. agglomerans, but C. sake is not affected)
when nutrients become restricted. The difference in popu-
lation dynamics between the two incubation conditions
could be because under room temperature, the antagonists’
growth rate was higher, so the uptake of nutrients by both
antagonists was also higher.

Neutralism cannot occur between populations having
the same overlapping functional roles within a community,
and it is more likely between microbial populations with
extremely different metabolic capabilities than between
populations with similar capabilities. It is also likely at low
population densities, where one microbial population does
not sense the presence of another (2). In contrast to positive
interactions, competition represents a negative relationship
between two populations, in which the survival and growth
of both populations are adversely affected (22). The pop-
ulations may achieve lower maximum densities or lower
growth rates than they would have in the absence of com-
petition. Competition occurs when two populations utilize
the same resource, whether space or a limiting nutrient.
Competitive advantage need not be solely based on the abil-
ity to utilize substrate more rapidly. Tolerance to environ-
mental stress may also be an important factor in determin-
ing the outcome of competition between microbial popu-
lations. Intrinsic growth rates of competing populations
vary under different environmental conditions (2).

Mixtures of biocontrol agents might be particularly ef-
fective when they have different modes of action or differ-
ent ecological attributes, so that they function at different
times or in different locations (4). Our results showed that
under room temperature, the C. sake population alone or in
mixture was greater on apples than on pears. In fact, Usall
(20) observed the greater effectiveness of C. sake to colo-
nize apples than pears. The decrease in the P. agglomerans
population at 18C suggests that C. sake is more effective
than P. agglomerans at colonizing apples and pears at this
temperature.

Janisiewicz and Bors (9) concluded that the carrying
capacity of the wounds is greater than the population of a
single antagonist indicates. Our results agree with this con-
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clusion, but it seems that the carrying capacity for P. ag-
glomerans is affected by C. sake. This domination of C.
sake may be due to its higher capacity to utilize nutrient
sources, probably nitrogen, which is limited on pome fruits
(10). The ratio of carbon to nitrogen in apple wounds based
on estimations from apple juice composition easily exceeds
28:1 (6), which is considered to be the onset of nitrogen
limitation for microbial growth (11). Conditions of low ni-
trogen and vitamins would be expected at apple wound sites
after initial colonization (8); thus, it seems that the decrease
of P. agglomerans was also due to the depletion of nitrog-
enous compounds, since this bacterium has high require-
ments for nitrogenous sources.

The enhancing effect of the mixture of C. sake and P.
agglomerans appears to be due to the depletion of nutrients
by the growth of both antagonists in wounded fruits, which
does not allow the development of P. expansum and B.
cinerea, as well as to the direct niche exclusion of these
pathogenic microorganisms.

The use of mixtures of antagonists could lead to the
formation of a more stable community that better excludes
the pathogens. Baker and Cook (3) have suggested that the
use of more than one biocontrol agent could facilitate a
more stable system.

In conclusion, this study demonstrated that the com-
bination of C. sake and P. agglomerans improves the con-
trol of P. expansum and B. cinerea in pome fruits and al-
lows the required concentration to achieve control of both
pathogens to be reduced by half, with a subsequent reduc-
tion in the cost of treatment. Future research should focus
on understanding population competition, niche differenti-
ation, and differential resource utilization to overcome the
negative interaction of the antagonists.
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13. Nunes, C., N. Teixidó, J. Usall, and I. Viñas. 2001. Biological control
of major postharvest diseases on pear fruits with antagonistic bac-
terium Pantoea agglomerans (CPA)-2. Acta Hortic. (ISHS) 553:
403–404.

14. Pierson, C. F., M. J. Leponis, and L. P. McColloch. 1971. Market
diseases of apples, pears and quinces. U.S. Agriculture, Agriculture
Handbook 376. U.S. Government Printing Of� ce, Washington, D.C.

15. Pusey, P. L., M. W. Hotchkiss, H. T. Dulmage, R. A. Baumgarduer,
E. I. Zehr, C. C. Reilly, and C. L. Wilson. 1988. Pilot test for com-
mercial production and application of Bacillus subtilis (B3) for post-
harvest control of peach brown rot. Plant Dis. 72:622–626.

16. Pusey, P. L., and C. L. Wilson. 1984. Postharvest biological control
of stone fruit brown rot by Bacillus subtilis. Plant Dis. 68:753–756.

17. Rosenberg, D. A., and F. W. Meyer. 1979. Benomyl-tolerant Peni-
cillium expansum in apple packinghouse s in eastern New York. Plant
Dis. Rep. 63:37–40.

18. Smilanick, J. L., and R. Denis-Arrue. 1992. Control of green mold
of lemons with Pseudomonas species. Plant Dis. 76:481–482.
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