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Interaction of antagonistic yeasts against postharvest pathogens
of apple fruit and possible mode of action
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Abstract

The interactions between two antagonistic yeasts (Pichia membranefaciensandCryptococcus albidus) and three fungal
pathogens (Monilinia fructicola, Penicillium expansumandRhizopus stolonifer) were examined both on apple juice agar plates
and in apple wounds. Light microscopy and scanning electron microscopy (SEM) observations indicated thatP.membranefaciens
had a stronger capability of attaching to the fungal hyphae thanC. albidusdid. The attachment was blocked thoroughly by SDS
and�-mercaptoethanol. Addition of nutrients had no visible effect on the interaction between yeasts and pathogens. Culture
extract ofP.membranefacienshad higher�-1,3-glucanase and exo-chitinase but less endo-chitinase activity than that ofC.albidus
in Lilly–Barnett medium supplied with cell wall preparation (CWP) of pathogens as the sole carbon source. This indicated that
tenacious attachment, along with the secretion of extracellular lytic enzymes, may play a role in the biocontrol activity of yeast
a ntrations.
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ntagonists, and the interaction between yeasts and pathogens was hampered by a protein denaturant at low conce
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. Introduction

Fruit and vegetables are highly perishable prod-
cts, especially during the postharvest phase, when
onsiderable losses due to microbiological diseases,
isorders, transpiration and senescence can occur.
raditionally, postharvest disease is often controlled
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by the application of synthetic fungicides (Eckert and
Ogawa, 1988). However, due to problems related
fungicide toxicity, development of fungicide resista
by pathogens, and potential harmful effects on the
vironment and human health, alternatives to synth
chemicals have been proposed (Eckert et al., 1994).

In recent years, considerable attention has
placed on postharvest application of antagonists fo
inhibition of plant disease (Cook et al., 1999; Tian et a
2002a; El-Ghaouth et al., 2003). Utilization of antago
nistic yeasts as an alternative appears to be a prom
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technology (Wilson and Chalutz, 1989; Droby et al.,
1991; Elad et al., 1994; Ippolito et al., 2000; Fan et al.,
2002). Some antagonist-based products are commer-
cially available and others are currently under varying
degrees of development (Castoria et al., 2001). Several
mechanisms have been reported to play a significant
role in the biocontrol activity of antagonistic yeasts.
Among them, interaction between yeast and posthar-
vest pathogens is involved. It has been suggested that
attachment of the yeast to fungal hyphae and exten-
sive production of an extracellular matrix by yeasts
may play a key role by either enhancing nutrient com-
petition or by some other undetermined mechanisms
(Wisniewski et al., 1991; Jijakli and Lepoivre, 1998;
Wan and Tian, 2002).

Our previous study showed thatPichia membrane-
facienswas effective in controllingRhizopus stolonifer
on nectarine fruit (Fan and Tian, 2000), whereasCryp-
tococcus albidusprovided a good control ofPenicil-
liumexpansumon apples and pears (Tian et al., 2002b).
The principal objective of the present study was to com-
pare the direct mode of action of the yeasts as biocontrol
agents againstMonilinia fructicola, P. expansumand
R. stolonifer, which cause decay in apple fruit. In addi-
tion, possible mechanisms involved in the attachment
of the antagonistic yeasts to the hyphae of postharvest
pathogens were demonstrated.

2. Materials and methods
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24 h at 28◦C. Cells were harvested by centrifugation
at 3365×g for 10 min, resuspended in sterile distilled
water and adjusted to the desired concentration with
a hemocytometer.M. fructicola, P. expansumandR.
stoloniferwere obtained from infected apple fruit and
cultured in 200 ml of potato dextrose broth (PDB) for
4 days at 25◦C. The mycelium was collected on What-
man No.1 filter paper for the preparation of cell walls
(Wisniewski et al., 1991; Tian et al., 2002a).

2.3. Preparation of cell wall and colloidal chitin

Cell wall preparations (CWP) of each pathogen
were prepared as reported bySaligkarias et al. (2002)
with some modifications. Briefly, the mycelium col-
lected by Whatman No.1 filter paper was washed four
times with deionized water, homogenized for 2 min
and centrifuged 2 min at 480×g. After removing the
supernatant, the fungal material was sonicated with a
probe type sonicator (Kinematica CH-6010 Kriens-Lu,
Switzerland) for 10 min and centrifuged for 5 min at
480×g. The supernatant was discarded and the pellet
was resuspended in water. The samples were subjected
to sonication and centrifugation as above for a total of
six times. Then the crushed mycelium was resuspended
in an equal volume of Tris/HCl buffer (50 mmol l−1 and
pH 7.2), centrifuged for 10 min at 1920×g, and the su-
pernatant was discarded. The pellet was subject to three
successive cycles of centrifugation and resuspension.
The final pellet was frozen in liquid N2, lyophilized
a
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.1. Fruit material

Apples (Malus domestica Borkhcv. Fuji) were har
ested at commercial maturity and kept at 0◦C until
se. Fruit were disinfected with 2% sodium hypoch
ite for 2 min, washed with tap water and dried in
rior to wounding.

.2. Microorganisms and growth conditions

P. membranefaciensandC. albiduswere isolated
n our previous research experiments (Fan and Tian
000, 2001). Yeast cells were obtained from a cult
rown in 250 ml flasks with 50 ml nutrient yeast d

rose broth (NYDB: 1 g of beef extract, 10 g of gluco
g of soya peptone, 5 g of NaCl and 5 g of yeast

ract in 1000 ml water) on a rotary shaker at 200 rpm
nd stored at−20◦C thereafter.
Colloidal chitin was prepared according to

ethod provided byRoberts and Selitrennikoff (198
rom shrimp shell chitin: 5 g of chitin powder w
dded slowly into 100 ml of concentrated HCl and
t 4◦C overnight with vigorous stirring. The mixtu
as added to 2 l of ice-cold 95% ethanol with rapid s

ing and kept overnight at 25◦C. The precipitant wa
ollected by centrifugation at 3000×g for 20 min at
◦C and was washed with sterile distilled water u

he colloidal chitin became neutral (pH 7.0). Colloi
hitin solution (5 mg ml−1) was prepared and stored
◦C for further detection.

.4. Yeast–pathogen direct interaction in vitro

The possible interaction of yeasts with pathogen
hae was assessed in Petri dishes (60 mm in diam
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each containing 8 ml apple juice agar. Plugs (5 mm in
diameter) of agar containing 3–4-day old mycelium
were placed on the agar surface. After 72 h at 25◦C,
50�l of each yeast cell suspension (1× 108 cells ml−1)
were placed at the margin of the fungal mycelium. The
dual cultures were washed under tap water for about
2 min after 48 h co-culture, and the plates were directly
observed with a light microscope (Axioskop 40, Ger-
many). Experiments were repeated twice.

2.5. Effectiveness of nutrients concentration and
chemicals on yeast–pathogen interaction in vitro

To characterize the attachment mechanism, several
compounds were applied to the yeast and pathogen
to test if a disruption of attachment would occur.
Suspensions of yeasts (1× 108 cells ml−1) with 0.1%
sodium dodecyl sulfate (SDS) or 15 mmol l−1 �-
mercaptoethanol were applied to the pathogens cul-
tured on 1% apple juice agar. At the same time, apple
juice agars with the concentrations of 1, 10 and 20%
were used to examine the effect of nutrients on the
attachment of yeast cells to fungal hyphae. The inocu-
lation concentrations of yeasts were 1× 108 cells ml−1

with distilled water. The interactions of yeast–pathogen
were observed under a light microscope after wash-
ing with tap water for about 2 min as described
above.

2.6. Scanning electron microscopy (SEM) in vivo
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The tissues were then viewed using a Hitachi S-800
SEM (Japan).

2.7. Enzyme production and activity assay

Yeast strains were cultured in modified Lilly–
Barnett minimal salt medium (Lilly and Bernett, 1951),
which contains 2 mg ml−1 CWP as the sole carbon
sources. A 250 ml Erlenmeyer flask containing 100 ml
culture media was incubated on a rotary shaker at
200 rpm at 25◦C for 0, 24, 48, 72 and 96 h. Culture
filtrates from each single culture were harvested by
centrifuging at 7680×g for 5 min, and the supernatant
was used for enzyme assays.

�-1,3-Glucanase activity assays were performed by
measuring the amount of reducing sugars released from
laminarin, using glucose as a standard (Masih and Paul,
2002). A reaction mixture was prepared by adding
250�l of 0.05 M potassium acetate buffer (pH 5.0)
containing 2.5 mg of laminarin per ml to 250�l of
culture filtrate. The enzyme–substrate mixture was in-
cubated for 2 h at 40◦C. Then 0.5 ml dinitrosalicylic
acid reagent was added, boiling at 100◦C for 5 min.
After cooling, 2 ml of deionized water was added di-
rectly and measured spectrophotometrically at 595 nm.
Background levels of reducing sugars were determined
with a time 0 supernatant substrate just prior to boil-
ing at 100◦C for 5 min. The protein content of the en-
zyme solution was determined according toBradford
(1976)using bovine serum albumin as a standard. The
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A uniform 4 mm deep× 3 mm wide wound wa
ade at the equator of fruit using a sterile nail. Th
0�l aliquots ofP. membranefaciensor C. albidusat
× 105 cells ml−1 were pipetted into each wound s
fter 2 h, 30�l suspensions ofM. fructicola,P. expan
umandR. stoloniferat 1× 105 spores ml−1 were in-
culated into each wound separately. After air-dry

ruit were put into a 400 mm× 300 mm× 100 mm
lastic tray wrapped with a high density polyet

ene sleeve in order to retain high humidity (ab
5%). Wounded tissue (1–2 mm2) was excised from
ve treated fruit 24 h after the treatment and imm
tely immersed into FAA fixing solution (89 ml 50
thanol, 6 ml acetic acid and 5 ml formaldehyde)
t least 24 h. After that, samples were dehydrated
raded ethanol series, critical-point dried with CO2 and
oated with gold–palladium for cell interaction assa
pecific activity was expressed as micromoles of
ose per milligram protein per hour. Each experim
ontained three replicates. These experiments we
eated twice.

For the exo-chitinase assay (Abeles et al., 1970),
reaction mixture was prepared by adding 0.

f 5 mg ml−1 colloidal chitin containing 1.2�mol l−1

odium azide and 56�mol l−1 sodium acetate to 0.5 m
nzyme supernatant. For endo-chitinase assay, 0
f 5 mg ml−1 colloidal chitin, 0.1 ml of 3% (w/v) de
alted snail gut enzyme (cytohelicase) (Sigma)
.1 ml of 1 mol l−1 potassium phosphate buffer (
.1) was added to 0.5 ml of enzyme supernatant (Cabib
nd Bowers, 1971). The enzyme–substrate mixture w

ncubated for 2 h at 37◦C with constant shaking. Afte
entrifuging at 7680×g for 5 min, the supernatant w
arvested. Then 0.5 ml dinitrosalicylic acid reagent
dded, boiling at 100◦C for 5 min. After cooling, 1.5 m
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deionized water was added directly and measured spec-
trophotometrically at 550 nm. Background levels of re-
ducing sugars and the protein content of the enzyme
solution were determined as described above. The spe-
cific activity was expressed as micromoles ofN-acetyl-
d-glucosamine per milligram protein per hour accord-
ing toReissig et al. (1955). There were three replicates
in each experiment. The experiment was done twice.

2.8. Statistical analysis

Data from all experiments conducted in this work
were analyzed using analysis of variance (ANOVA) and
the SPSS version 9.0 (SPSS, 1989–1999). The treat-
ment means were separated at the 5% significance level
using Duncan’s multiple range tests.

3. Results

3.1. Yeast–pathogen direct interaction in vitro

After 48 h incubation on 1% apple juice agar at
25◦C, both antagonists were shown to adhere to the hy-
phae of most pathogens.P. membranefaciensattached
to the hyphae ofM. fructicolaso firmly that the hyphae
were almost invisible under the light microscope. Other
observations showed thatP. membranefacienswas in
contact with the hyphae ofP. expansumloosely andR.
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Fig. 1. Attachment of antagonistic yeast cells to hyphae of pathogens
on a 1% apple juice agar plate for 48 h at 25◦C in the dark, after
which the plate was washed with a stream of tap water for at least
60 s (magnification: 100×).

3.3. Ultrastructure of the yeast–pathogen
interaction in vivo

In the wounds of apple fruit inoculated with antag-
onists and pathogens,P. membranefacienswas tena-
ciously attached to the hyphae ofM. fructicolaandR.
stolonifer, but loosely to that ofP. expansum. Compar-
atively, cells ofC. albiduswere less firmly attached to
the hyphae of pathogens thanP. membranefaciensor
they were at a distance from fungal hyphae (Fig. 2).

Under SEM observation, extracellular matrix was
accumulated around the hyphae of pathogens and
M. fructicola hyphae had undergone some swelling
(Fig. 3A and B). Closer examination of attachment of
P. membranefaciensto M. fructicolahyphae indicated
that, in many instances, a pitting appearance in the hy-
phae cell wall was detected, resulting in a concave ap-
pearance of the hyphal surface under the attached yeast
cell (Fig. 3C). In some areas,M. fructicolahyphae were
totally surrounded byP. membranefacienscells and in
tolonifersparsely. By contrast,C. albidusadhered to
he hyphae ofM. fructicola andP. expansumloosely,
ut no attachment was observed betweenC. albidus
ndR. stolonifer(Fig. 1).

.2. Effectiveness of nutrients concentration and
hemicals on yeast–pathogen interaction in vitro

The results indicated that apple juice culture con
ration had no effect on the attachment modes betw
easts and pathogens in our experiment. Howeve
ffects of chemicals on attachment of yeasts to hy
f pathogens were significantly different from tho
f nutrients. The results of co-culture experiment

he presence of the test compounds indicated that
DS and 15 mmol l−1 �-mercaptoethanol almost t

ally blocked attachment of yeast cells to fungal hyp
Table 1).
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Table 1
Effect of nutrients and chemicals on attachment of yeast cells to hyphae of pathogens, examined under a light microscope

Yeasts Nutrients or chemicals Plant pathogens

R. stolonifer P. expansum M. fructicola

C. albidus 1% apple juice agar − ++ ++
10% apple juice agar − ++ ++
20% apple juice agar − + ++

P. membranefaciens 1% apple juice agar + ++ +++
10% apple juice agar + ++ ++
20% apple juice agar + ++ ++

C. albidus SDS (0.1%) − − −
�-meracaptoethanol (15 mM) − − −

P. membranefaciens SDS (0.1%) − − +
�-meracaptoethanol (15 mM) − − −

+++, close attachment (>1000 cells unit−1); ++, loose attachment (100–1000 cells unit−1); +, attachment but sparse (<100 cells unit−1); −, no
attachment. Note: 1 unit = 0.04 mm2.

particular at the end of the terminal region of the hypha
(Fig. 3D).

3.4. Secretion of hydrolytic enzymes

The extracellular�-1,3-glucanase, exo- and endo-
chitinase activities produced in culture were detected,
when yeasts grew in the presence of CWP as the sole
carbon source. BothP. membranefaciensandC. al-
bidus produced extracellular�-1,3-glucanase imme-
diately after the inducing treatment, and reached the
maximum level at 72 h forC. albidusand 48 h for
P. membranefaciens, respectively.P. membranefaciens
culture extracts had higher�-1,3-glucanase activity
thanC. albidusculture extracts during the incubation
period. The highest�-1,3-glucanase activity of both
the yeasts was detected when they were incubated with
CWP ofM. fructicolaas the sole carbon source, while
the lowest was with CWP ofR. stolonifer(Fig. 4).

The maximum level of exo-chitinase activity ofC.
albidusandP. membranefacienswas detected after in-
cubation for 48 and 72 h, respectively (Fig. 5). For
endo-chitinase activity, both yeasts appeared at the
maximum level at 72 h of incubation time (Fig. 6). Ex-
tracellular culture extracts ofP. membranefaciensex-
hibited at least two- to four-fold greater exo-chitinase
activity than C. albidus culture extracts, but endo-
chitinase activity fromP. membranefacienswas signif-
icantly lower than that fromC. albidus(p= 0.05). With
the increase in incubation time, the chitinase activity

increased to the highest point, and then decreased to a
lower level at 72 h. Furthermore, the yeasts presented
the highest exo- and endo-chitinase activities in the
medium supplemented with CWP ofM. fructicola as
the sole carbon source (Figs. 5 and 6). This indicated
CWP ofM. fructicolamight be a good carbon source
for C. albidusandP. membranefaciens.

4. Discussion

Antagonist–pathogen interaction has been shown to
play a major role in their biological activities (Arras,
1996; Cook, 2002). El-Ghaouth et al. (2003)found that
Candida saitoanaattached toBotrytis cinereahyphae
and restricted the proliferation ofB. cinerea. Earlier
study also showed that the isolate ofPichia guillier-
mondiitenaciously attached to the hyphae ofB. cinerea
despite extensive rinsing of samples with distilled water
or 1% Tween during sample preparation (Wisniewski
et al., 1991). In this study, we found thatP. membrane-
faciensandC. albidusshowed different attachment ca-
pability to the hyphae of three fungal pathogens both in
vitro and in vivo (Figs. 1 and 2). These results indicated
that attachment might universally exist between the in-
teractions of yeast cells to fungal hyphae, and play a
role in their biocontrol activity.

In the previous study, our results indicated thatP.
membranefacienswas able to produce significantly
higher levels of chitinase in vitro thanCandida guil-
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Fig. 2. Scanning electron micrographs of antagonistic yeast cells interacting with hyphae of pathogens in apple wounds 24 h after incubation
at 25◦C. Treatments were (A)C. albidus+M. fructicola; (B) P. membranefaciens+M. fructicola; (C) C. albidus+P. expansum; (D) P. mem-
branefaciens+P. expansum; (E) C. albidus+R. stolonifer; (F) P. membranefaciens+R. stolonifer. Note the interaction of yeasts (horizontal
arrowhead) and fungal hyphae (vertical arrowhead).

liermondii grown in Czapeck minimal medium (Fan
et al., 2002). From the data presented inFigs. 4–6,
P. membranefaciensproduced higher or at least equal
amounts of�-1,3-glucanase, exo-chitinase thanC. al-
bidus during incubation times employed. This was
correlated with the observation thatP. membranefa-
cienshad stronger attachment capability to hyphae of

pathogens thanC. albidusdid in vitro and in vivo.
Wisniewski et al. (1991)indicated that in the presence
of the pathogen, the yeast cells produced lytic enzymes
that could enhance the attaching ability of yeast to hy-
phae of pathogens. The degradation of fungal hyphae
observed in our study would further support their find-
ings. However, an interesting result that endo-chitinase
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Fig. 3. Scanning electron micrographs of interactions betweenP. membranefaciensand postharvest pathogens in the apple wounds after 24 h
inoculation. (A) Fungal hyphae (M. fructicola) encircled by yeast matrix; (B) the distortion ofM. fructicolahyphae, note the budding of yeast
cells (horizontal arrowhead); (C) the pitted appearance ofM. fructicolahyphae (vertical arrowhead), note the budding of yeast cells (horizontal
arrowhead); (D)M. fructicolahyphae totally surrounded by yeast cells and in particular at the end of the terminal region of the hypha. H = hypha,
S = spores, M = yeast matrix and Y = yeast cells.

Fig. 4. �-1,3-glucanase activities ofC. albidus(left) andP. membranefaciens(right) grown in Lilly–Barnett minimal salt medium supplemented
with 2 mg ml−1 CWP for 96 h at 25◦C. Bars represented standard deviations of the means.
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Fig. 5. Exo-chitinase activities ofC. albidus(left) andP. membranefaciens(right) grown in Lilly–Barnett minimal salt medium supplemented
with 2 mg ml−1 CWP for 96 h at 25◦C. Bars represented standard deviations of the means.

of P. membranefacienswas lower than that ofC. al-
biduswas found in this experiment. It indicated that
endo-chitinase activity might play less significant role
in the antagonism of yeast against pathogen.

On the other hand, the results present inFig. 1
showed that yeast cells consistently adhered to fun-
gal hyphae on nutrition limiting media (1% apple agar
plate). In addition,Cook (2002)found that there was
no hyphal adhesion by yeast when pathogens were
grown on PDA. Therefore, it seems that the inter-
action between yeast and pathogen is dependent on
nutrients. However, it was worth noting that yeast
cells still tightly adhered to the hyphae of pathogens,
when they were co-cultured on 10 and 20% apple
juice agar plate. Additionally, whenC. albidusandP.
membranefacienswere cultured on 10 and 20% ap-
ple agar plate, the attachment of both yeasts to all
pathogens was almost the same as on 1% apple agar
(Table 1). This implied that the concentration of nutri-

ents might not be the prerequisite for yeast–pathogen
interaction. Further experiments indicated that cell
membrane surface proteins appeared to play an im-
portant role in the attachment between yeasts and
pathogens, because protein-denaturing agents, such
as SDS and�-mercaptoethanol, blocked the attach-
ment (Table 1). This was in accord with the result of
Wisniewski et al. (1991), who found that SDS and�-
mercaptoethanol were mildly effective in blocking at-
tachment. Of course, physicochemical forces (such as
microbial cell surface charges) and other compounds
(including mannose residues) may influence adhesion,
which have been shown to mediate adhesion ofRho-
dosporidium toruloidesto surfaces of barley leaf (Buck
and Andrews, 1999a,b). The results of this experiment
suggest the possibility that yeast–pathogen interactions
might be dependent on protein signal recognition be-
tween yeast cells and hyphae of pathogens. Addition-
ally, the attachment efficacy of yeasts appears to be, at

F nefacie ted
w d devia
ig. 6. Endo-chitinase activities ofC. albidus(left) andP. membra
ith 2 mg ml−1 CWP for 96 h at 25◦C. Bars represented standar
ns(right) grown in Lilly–Barnett minimal salt medium supplemen
tions of the means.
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least partially, dependent on the secretion abilities of
lytic enzymes, and this adhesion might be involved in
the biocontrol efficacy of antagonistic yeasts. Further
work will be needed to verify this hypothesis.
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