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bstract

Aureobasidium pullulans strain Ach1-1 was selected for its effectiveness against blue mold caused by Penicillium expansum on stored apple
ruit. The possible involvement of competition for nutrients in the biocontrol activity of this antagonistic strain was investigated both in vitro and in
itu. For in vitro assays, the effect of strain Ach1-1 on germination percentages of P. expansum conidia was evaluated after a 24 h incubation period
n the presence of increasing apple juice concentrations (0–5%) using a system allowing the physical separation of both agents. In the absence
f strain Ach1-1, conidial germination was strongly promoted by apple juice whatever the concentration. However, germination was significantly
educed by the presence of strain Ach1-1 except at the highest juice concentration. For conidia previously inhibited at 0.5% juice, germination
fter 24 h of incubation was partially recovered in the presence of strain Ach1-1 when fresh juice was added to a final concentration of 5%, and
ompletely restored at both 0.5 and 5% juice concentrations in the absence of strain Ach1-1. For in situ assays, strain Ach1-1 was very protective
gainst P. expansum on postharvest wounded apples. However, the application of high concentrations of exogenous sugars, vitamins and most
articularly amino acids, significantly reduced such protection. Time-course analysis of apple amino acids at the wound site revealed that these
ompounds were more depleted in wounds treated with strain Ach1-1 alone and especially in those treated with both agents (strain Ach1-1 and P.
xpansum) compared to wounds treated with P. expansum alone or to untreated ones. Exogenous amino acids, applied at high concentrations on

pple wounds as a mixture of specific amino acid groups or as individuals, significantly decreased strain Ach1-1 efficacy against P. expansum. The
resent study provides in vitro and in situ evidence that competition for apple nutrients, most particularly amino acids, may be a main mechanism
f the biocontrol activity of A. pullulans strain Ach1-1 against blue mold caused by P. expansum on harvested apple fruit.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Apple production is a complex process involving orchard,
torage and marketing phases. Long-term storage of this impor-
ant fruit has become possible due to modern postharvest

echnologies. However, postharvest diseases, especially those
riginating from wound infection at harvest or during posthar-
est handling and packing, can be a serious limiting factor for
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uch storage (Bondoux, 1992). Blue mold caused by Penicil-
ium expansum Link is an important postharvest disease on
pples worldwide and is an economic concern not only for the
resh fruit industry but also for the fruit processing industry
ecause P. expansum is generally regarded as the major pro-
ucer of the mycotoxin patulin (McKinley and Carlton, 1991).
ntil now, this disease has essentially been controlled by pre-

nd postharvest handling practices and the application of syn-
hetic fungicides (Jijakli and Lepoivre, 2004). However, several

easons including development of fungicide-resistant pathogens,
ungicide toxicity, and deregistration of some effective products,
ave motivated the search for alternative approaches. Biologi-
al control has emerged as one of the most promising disease
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anagement alternatives with different mechanisms of action
ompared to chemical fungicides (Punja and Utkhede, 2003;
padaro and Gullino, 2004; Fravel, 2005; Massart and Jijakli,
007). A number of yeasts and bacteria have been reported
o control postharvest fruit decay effectively (Janisiewicz and
orsten, 2002). Despite progress in understanding their modes
f action, only a few biocontrol products are currently regis-
ered for such control in Europe (Alabouvette et al., 2006),
n comparison with other countries, especially the USA (e.g.
ravel, 2005). In this context, several strains of the yeast-like
ungus Aureobasidium pullulans (de Bary) Arnaud, one of the
ost widespread and well adapted saprophytes (Blakeman and
okkema, 1982), have been isolated and appear to be potential
iocontrol agents based on their great effectiveness in con-
rolling the main postharvest pathogens (e.g. Botrytis cinerea
nd P. expansum) on several important crops including apple,
able grape and strawberry (Lima et al., 1999, 2003; Ippolito
t al., 2000, 2005; Castoria et al., 2001; Adikaram et al.,
002).

Recently, a new potential strain named Ach1-1 was isolated
rom the surface of ‘Golden Delicious’ apples and selected
or its strong antagonistic properties against both P. expan-
um and B. cinerea pathogens (Achbani et al., 2005), although
he mechanism(s) underlying its biocontrol activity are still
nknown. Nevertheless, a good understanding of such mech-
nisms is a prerequisite for identifying the main biocontrol
eatures for a better screening of new potential biocontrol agents,
o develop appropriate formulations allowing their expression,
nd to facilitate registration procedures. The present work was
hus undertaken to investigate the possible involvement of com-
etition for nutrients in the biocontrol activity of strain Ach1-1
gainst P. expansum. Although several possible mechanisms
ave been reported (Droby and Chalutz, 1994; Janisiewicz and
orsten, 2002; Massart and Jijakli, 2007), the main mode of
ction of yeast(-like) biocontrol agents is believed to be compe-
ition for nutrients and space (Droby and Chalutz, 1994; Lima
t al., 1997; Janisiewicz et al., 2000; Castoria et al., 2001).
ccording to the literature dealing with competition for nutrients

nd space using different antagonist/pathogen(/host) systems
Castoria et al., 1997, 2001; Lima et al., 1997; Janisiewicz
t al., 2000; Guetsky et al., 2002; Vero et al., 2002): (i)
ost studies have considered either the in vitro or the in situ

pproach but not both, (ii) the contribution of the competi-
ion for nutrients and competition for space has rarely been
onsidered separately, and (iii) in situ assays have been often
erformed using the Nutrient Yeast Dextrose Broth medium
hose composition is not comparable with that of host tis-

ues. In the present study, competition for nutrients as a mode
f action of A. pullulans strain Ach1-1 against P. expansum
as first examined in vitro using a system that allows discrim-

nation between competition for nutrients and that for space
Janisiewicz et al., 2000) using increasing concentrations of
pple juice. Then, the study was complemented by in situ biocon-

rol assays using high concentrations of major apple components
amino acids, vitamins and sugars) as well as by a time-course
nalysis of specific nutrients at the wound site in different
ontexts.
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. Materials and methods

.1. Microorganisms and fruit material

The pathogen P. expansum strain 880 was isolated from
nfected apple fruit (INRA, Meknès, Morocco) and has been
ne of the most aggressive isolates in the collection (unpub-
ished data). It was maintained on potato dextrose agar (PDA) at
◦C. A conidial suspension was obtained by flooding 10-day-
ld PDA cultures of P. expansum with sterile water containing
.05% (v/v) Tween 20. Conidia concentration of the pathogen
as determined with a hemacytometer.
The biocontrol agent used in this study was the yeast-like

ungus A. pullulans (De Bary) Arnaud strain Ach1-1 isolated
rom the surface of healthy ‘Golden Delicious’ apples (Bel-
ium). It was selected for its high antagonistic properties against
. expansum and B. cinerea (Achbani et al., 2005). Before each
pplication, strain Ach1-1 was grown on PDA at 25 ◦C for three
ubcultures of 24 h. A cell suspension was obtained by flooding
ultures with isotonic water (0.85% NaCl). The cell concentra-
ion was determined and adjusted to obtain 107 colony-forming
nits (CFU) mL−1 using a hemacytometer.

Apple fruits (‘Golden Delicious’) were bought from a local
arket and maintained for 1–2 weeks in the dark at 1 ◦C until

sed. These fruits were produced by Limdor Bourdelas group
St.-Yrieix-La Perche, France). After harvest at their optimal
aturity, they were stored in a controlled cold atmosphere until
arketing without any chemical treatment. The same prod-

ct was used in the present work for the period December
005–April 2006.

.2. In vitro competition for nutrients

For all in vitro tests, competition for nutrients was studied
sing the non-destructive method developed by Janisiewicz et
l. (2000). Tissue culture plates with 24 wells (TC-test plates)
nd culture plate inserts provided with a diffusing membrane
f 0.4 �m pore size (Millicell-CM, Millipore, Belford, MA)
ttached to the bottom part of the cylinder were used. Such a
ystem allows media nutrients and metabolite interchange with
hysical separation of the antagonist and the pathogen. Suspen-
ions containing the biocontrol agent Ach1-1 (107 cfu mL−1)
n apple juice at various concentrations (0, 0.1, 0.5, 1 and
%) were dispensed into the wells of culture plates (600 �L
er well). Cylinder inserts were placed in the wells and P.
xpansum suspensions (2 × 105 conidia mL−1) were dispensed
nside the inserts (400 �L per cylinder). The plates were then
ncubated in the dark at 25 ◦C for 24 h. Controls were rep-
esented by cultures of P. expansum alone in the same apple
uice concentrations as above. After incubation, inserts were
emoved from the wells and blotted from the bottom with a tis-
ue paper. For each insert, the membrane was cut with a sharp
calpel, transferred to a glass slide, stained with lactophenol-

otton blue and mounted for optical microscope observation.
he effect of strain Ach1-1 on P. expansum on the different media
as assessed by conidial germination percentage compared to

he corresponding controls. Germinated conidia were counted
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Table 1
Identity and concentration (g L−1) of amino acids, vitamins and sugars used
for in situ competition for nutrients of A. pullulans (strain Ach1-1) against P.
expansum on postharvest apples

Nutrient group Specific nutrient Concentration
(g L−1)a

Amino acids
Group 1 Serine 1.9

Glycine 1.9
Glutamic acid 0.3

Group 2 Threonine 1.7
Arginine 1.4
Histidine 0.7
Alanine 1.7
Aspartic acid 0.2
Proline 1.7

Group 3 Tryptophan 0.5
Leucine 1.0
Lysine 2.9
Methionine 0.5
Phenylalanine 1.2
Tyrosine 0.01
Valine 2.1

Vitamins Ascorbic acid 1357.1
Thiamin 4.0
Riboflavin 3.3
Niacin 18.3
Pantothenic acid 145.2
Pyrodixin 11.4
Tocopherol 76.2

Sugars Sucrose 88.6
Glucose 104.0
Fructose 252.5

a Concentrations of amino acids, vitamins and sugars correspond respectively
t
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ithin a sample of 100 conidia and using two membranes per
reatment.

When an inhibitory effect on P. expansum conidia was
bserved during the first assay, a parallel set of culture plates
ith the inserts was prepared as above to evaluate the viabil-

ty of the conidia and the possible suppression of the observed
nhibition. Inhibited conidia in the antagonist suspension at
.5% apple juice concentration were submitted to new nutri-
ional conditions in the presence or absence of the antagonist.
hese new nutritional conditions were obtained in two ways.

n one, an amount of apple juice was added to the same media
f the first assay containing the antagonist to obtain concentra-
ions of 0.5 or 5%. In the other, inserts containing inhibited
onidia were removed from culture plates and inserted into
ew ones containing apple juice at concentrations of 0, 0.5
r 5%. After an additional 24 h of incubation in the dark at
5 ◦C, the percentage of germinated conidia was evaluated using
wo membranes per treatment and a total of 100 conidia per

embrane.

.3. Biocontrol assays on apple wounds

The efficacy of A. pullulans strain Ach1-1 against P.
xpansum was evaluated on apple wounds as previously
escribed (Jijakli and Lepoivre, 1993) with some modifica-
ions. Fruits were wounded with a cork-borer (3 wounds
f 4 mm × 4 mm × 2 mm per apple) and treated with 40 �L
f the antagonist suspension (or isotonic water for con-
rols) at 107 CFU mL−1. One hour later, the wounded sites
ere inoculated with 40 �L of P. expansum preparation

105 conidia mL−1). Apples were then incubated on wet filter
aper in closed plastic boxes at 25 ◦C in the dark for 5 days
efore measuring diameters of decay lesions. The percentage
f lesion reduction was estimated according to the formula
Dc − Dt)/Dc × 100, where Dc and Dt are, respectively, the
esion diameters of the control and treated apples.

.4. In situ competition for nutrients

To study a possible nutrient competition mechanism in situ,
he effect of exogenous application of major apple components
amino acids, vitamins and sugars) on the biocontrol activity of
train Ach1-1 against P. expansum was evaluated on wounded
pples. Biocontrol assays were performed as described above
ith an additional step consisting of the application of nutri-

nt solutions in apple wounds. Three solutions were prepared
y mixing most of the amino acids, vitamins and sugars known
o be present in apple tissues to obtain concentrations higher
han those reported for apple tissues (20, 20 and 5 times, respec-
ively) (Table 1) (USDA nutrient database for standard reference,
elease 14, 2001). One hour after inoculation of P. expansum,
0 �L of either water (none) or one of the nutrient solutions were
dded per wound. Controls were treated with the same solutions

n the absence of strain Ach1-1. Lesion diameters were measured
fter 5 days of incubation in the dark at 25 ◦C. The percentage
f lesion reduction was evaluated as described above using 15
pples per treatment.

p
p
2
r

o 20, 20 and 5 times those reported for apple tissues (USDA nutrient database
or standard reference, release 14, 2001).

.5. In situ competition for amino acids

The effect of exogenous application of increasing concen-
rations of amino acids on the protective level of strain Ach1-1
gainst P. expansum was assessed using the same procedure as
bove. Amino acids known to be present in apple tissues were
sed at concentrations 2, 10 or 20 times the amount reported for
pple tissues (Table 1) (USDA nutrient database for standard
eference, release 14, 2001).

The effect of exogenous supply of amino acids on strain
ch1-1 growth was also evaluated. After 24 h of incubation,

pple wound tissues were removed with a scalpel, placed in a
terile mortar with 5 mL of KPT buffer (0.05 M of potassium
hosphate at pH 6.5 and 0.005% Tween 80) and ground with
pestle. Five apples with three wounds each were used. For

ach apple, recovered cell suspensions from the three wounds
ere pooled, diluted 103 and 104 times, and plated on agar
lates (50 �L per plate) using one plate per dilution (i.e. 5 plates

er dilution and per treatment). Plates were then incubated at
5 ◦C for 2 days and the number of strain Ach1-1 colonies was
ecorded.
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Fig. 1. Germination percentages of P. expansum conidia after 24 h of incubation
without (control) or with A. pullulans (strain Ach1-1) as a function of apple juice
concentration. Vertical bars represent S.E. (n = 2).

Fig. 2. Germination percentages of P. expansum conidia after 24 h of incubation
w
t
j

w
s
p
The lowest percentages were recorded at 0% juice concentra-
tion whatever the treatment (control or strain Ach1-1). In the
absence of strain Ach1-1 (control), conidia of P. expansum ger-
S.K. Bencheqroun et al. / Postharvest B

.6. Assimilation of apple amino acids by the antagonist
nd/or the pathogen

Wounded apples were distributed into four sets (10
pples/set): (1) non-treated apples (control), (2) apples treated
ith strain Ach1-1 alone (antagonist), (3) apples inoculated
ith P. expansum alone (pathogen), and (4) apples treated with

train Ach1-1 and then inoculated with P. expansum (antago-
ist + pathogen). The two microorganisms were used following
he same concentrations and timing as for biocontrol assays. For
ach set, 50 �L of KPT buffer were added to each wound and
hen recovered by pipeting 0, 4, 6, 14 and 24 h after the appli-
ation of the antagonist. Samples of each set (30 samples) were
ooled and their amino acid concentrations were determined by
igh-pressure liquid chromatography (HPLC) and detected by
uorescence. Samples were derivatized with 6-aminoquinolyl-
-hydroxysuccinimidyl carbamate (AccQ.Fluor) and separated
n an amino acid column (Waters AccQ.Tag column) thermo-
tatized at 37 ◦C. Amino acids were detected by a fluorescence
etector (Waters 2475) with an excitation wavelength at 250 nm
nd an emission wavelength at 395 nm. The identity of amino
cids was confirmed by retention times using standards (Sigma
hemical Co.).

A parallel biocontrol assay was performed as previously
escribed to evaluate the efficacy of strain Ach1-1 against P.
xpansum in the same conditions as for the test above.

.7. In situ competition for specific amino acids

The effect of exogenous application of specific amino acids
n the protective level of strain Ach1-1 against P. expansum
as assessed as above. These amino acids were selected based
n HPLC analysis (see Section 3) and were applied either as
mixture of amino acids or individually at a concentration 20

imes that reported for apple tissues (Table 1).

.8. Statistical analysis

For each experiment, a completely randomized design was
sed. Each experiment was repeated at least once with similar
esults. Data from one experiment were subjected to a two-way
nalysis of variance (ANOVA) using the Statistical Analysis
ystem (SAS/STAT) software. The two independent factors
ere juice concentration and strain Ach1-1 (Figs. 1 and 2),

nutrient’ concentration and strain Ach1-1 (Figs. 3, 4, 7 and 8),
nd incubation time and treatment (Fig. 6). Data of Fig. 5 were
ubjected to a one-way analysis of variance with amino acid
oncentration as the independent factor. When significant dif-
erences were found, means were compared using the Tukey’s
SD test at P ≤ 0.05.

. Results
.1. In vitro competition for nutrients

Fig. 1 shows germination percentages of P. expansum conidia
fter 24 h of incubation at increasing apple juice concentrations

F
a
(
i

ithout or with A. pullulans strain Ach1-1 as a function of apple juice concen-
ration. These conidia were previously exposed to strain Ach1-1 in 0.5% apple
uice for 24 h. Vertical bars represent S.E. (n = 2).

ithout (control) or with the antagonist (strain Ach1-1). Analy-
is of variance showed a significant effect of juice concentration,
resence of strain Ach1-1 and their interaction (data not shown).
ig. 3. Effect of exogenous application of sugars, vitamins or amino acids in
pple wounds on lesion diameters (cm) induced by P. expansum in the absence
control) or in the presence of A. pullulans (strain Ach1-1) after 5 days of
ncubation. Vertical bars represent S.E. (n = 45).
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Fig. 4. Effect of exogenous amino acid application in apple wounds on lesion
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iameters (cm) induced by P. expansum in the absence (control) or in the presence
f A. pullulans (strain Ach1-1) after 5 days of incubation. Vertical bars represent
.E. (n = 45).

inated (82.5–98.5%) within the first 24 h of incubation at all
pple juice concentrations tested (Fig. 1). In the presence of
train Ach1-1, however, conidial germination was significantly
educed in apple juice except at the highest concentration. The
ighest inhibitory effect (71%) of the biocontrol agent strain
ch1-1 was obtained at 0.5% juice concentration.
When cylinders containing inhibited conidia (after 24 h of

ncubation) at 0.5% juice with strain Ach1-1 were transferred to
ew wells containing increasing concentrations (0, 0.5 or 5%)
f fresh apple juice without strain Ach1-1, conidial germina-
ion after an additional incubation of 24 h was still inhibited in
he absence of apple juice (0%) but completely restored in the
resence of both 0.5 and 5% apple juice concentrations (Fig. 2).
owever, the addition of fresh juice into wells containing inhib-

ted conidia (after 24 h of incubation with the antagonist) to
btain concentrations of either 0.5 or 5% did not totally recover
onidial germination 24 h later; germination percentages were
4.0 and 67.8%, respectively (Fig. 2).

.2. In situ competition for nutrients
In the absence of exogenous nutrients, strain Ach1-1 seemed
ery effective in reducing the lesion diameters provoked by P.
xpansum on wounded apples, the corresponding reduction per-

ig. 5. Effect of exogenous amino acid application in apple wounds on pop-
lation size (107 CFU wound−1) of A. pullulans strain Ach1-1 after 24 h of
ncubation. Vertical bars represent S.E. (n = 5).
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entage being 97.1% (Fig. 3). Analysis of variance showed a
ignificant effect of the presence of strain Ach1-1 on the extent
f infection (detailed data not presented). In controls, nutrient
upply in apple wounds significantly enhanced the diameter
f lesions. In the presence of strain Ach1-1, nutrient applica-
ion strongly increased lesions caused by the pathogen (Fig. 3);
ercentages of lesion reduction afforded by strain Ach1-1 in
esponse to sugars, vitamins and amino acids were 39.8, 29.4
nd 28.4%, respectively. Depending on the assays, the most
mportant reduction of the antagonistic activity of strain Ach1-1
gainst P. expansum was obtained with amino acids (71–78%)
ollowed by vitamins (51–70%) and finally by sugars (38–60%)
detailed data not shown).

.3. In situ competition for amino acids

In both controls and strain Ach1-1-treated wounds, lesion
iameters developed by P. expansum significantly increased
ith increasing concentrations of amino acids supplied (Fig. 4).
he application of strain Ach1-1 significantly reduced infection

esions whatever the amino acid concentration; the extent of the
eduction decreased with increasing amino acid concentrations.
he most important loss of strain Ach1-1 protection against P.
xpansum was obtained with the supply of the highest (20×)
mino acid concentration (Fig. 4).

Fig. 5 shows the effect of exogenous supply of amino acids
n strain Ach1-1 growth in apple wounds after 24 h of incuba-
ion. Population size of the strain was significantly increased
n response to the application of amino acids; the higher the
mino acid concentration, the larger was the population size of
he antagonist.

.4. Assimilation of apple amino acids by the antagonist
nd/or the pathogen

HPLC analysis of the time-course pattern of (endogenous)
mino acids in apple wounds indicates that the total amount

f these compounds decreased during apple incubation, espe-
ially during the first 14 h following strain Ach1-1 application
Fig. 6). The most important reduction was observed in apple
ounds treated with strain Ach1-1 and especially in those con-

ig. 6. Concentration (nmol mL−1) of total amino acids in apple wounds during
he first 24 h of incubation. Wounds were either intact (none), treated with A.
ullulans strain Ach1-1 alone (antagonist), inoculated with P. expansum alone
pathogen) or treated with strain Ach1-1 and then inoculated with P. expansum
antagonist + pathogen). Vertical bars represent S.E. (n = 2).
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Fig. 7. Effect of exogenous application of different groups of specific amino
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Fig. 8. Effect of exogenous application of serine, glycine or glutamic acid in
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cid in apple wounds on lesion diameters (cm) induced by P. expansum in the
bsence (control) or in the presence of A. pullulans (strain Ach1-1) after 5 days
f incubation. Vertical bars represent S.E. (n = 45).

aining strain Ach1-1 and P. expansum. The detailed analysis
f HPLC data allowed us to classify the different amino acids
nalyzed into three groups based on their individual concentra-
ion and changes during incubation (Table 1). The first group
ncludes serine, glycine and glutamic acid whose concentra-
ions were largely reduced with incubation time. The second
roup contains amino acids (aspartic acid, histidine, arginine,
hreonine, alanine and proline) whose concentrations remained
oughly unchanged during incubation. The remaining amino
cids (tyrosine, valine, methionine, lysine, leucine, tryptophan
nd phenylalanine), which were present at very low concentra-
ions, constitute the third group (detailed data not shown).

.5. In situ competition for specific amino acids

Analysis of variance showed that lesion diameters developed
y P. expansum were significantly affected by the amino acid
roup, by the presence of strain Ach1-1 and by their interac-
ion (data not shown). In controls, lesion diameters developed
y P. expansum were significantly higher in the presence than
n the absence of exogenous amino acids independently of the
roup used (Fig. 7). In the presence of strain Ach1-1, amino acid
upply significantly extended infection lesions; the most impor-
ant effect was obtained with the first group (serine, glycine
nd glutamic acid). For these amino acids, the protection level
as 20% only compared to 83.1% without any additional amino

cids (Fig. 7).
Fig. 8 shows that the extent of lesions caused by P. expansum

n the absence of strain Ach1-1 was not affected by individual
pplication of serine or glycine but was reduced by the appli-
ation of glutamic acid. Strain Ach1-1 significantly reduced
he development of the pathogen regardless of the presence
r absence of amino acids. The lowest level of protection was
btained with serine (32.7%).

. Discussion

A. pullulans strain Ach1-1 is a new potential biocontrol

gent against postharvest apple blue mold. It was selected
ased on its high level of protection against P. expansum on
ounded apples (Achbani et al., 2005). In the present work,

he ability of this strain Ach1-1 to suppress P. expansum devel-

d
T
o
f

pple wounds on lesion diameters (cm) induced by P. expansum in the absence
control) or in the presence of A. pullulans (strain Ach1-1) after 5 days of
ncubation. Vertical bars represent S.E. (n = 45).

pment was repeatedly observed both in vitro and in situ. It
revented conidia germination in diluted apple juice concentra-
ions (Fig. 1) and significantly reduced infection on wounded
pples (Figs. 3, 4, 7 and 8) with a percentage of lesion reduc-
ion ranging from 83 to 97% depending on the assays. In order
o maximize the potential use of strain Ach1-1 for the control
f apple postharvest decay, an understanding of its mode(s) of
ction was necessary.

In the absence of strain Ach1-1, higher in vitro germination
ercentages of P. expansum conidia were recorded in the pres-
nce than in the absence of apple juice (Fig. 1), and the largest
esion diameters were obtained in apple wounds supplemented
ith exogenous nutrients (Figs. 3, 4 and 7). This confirms that P.

xpansum is nutrient-dependent and, as a necrotrophic pathogen,
equires sufficient nutrients for its conidial germination and
yphal development. In the presence of strain Ach1-1, how-
ver, in vitro germination of the pathogen conidia was inhibited
xcept at the highest apple juice concentration (Fig. 1) and the
iameter of wound lesions was enhanced by supply of exoge-
ous apple nutrients compared to non-treated wounds (Fig. 3).
his suggests that strain Ach1-1 was effective against P. expan-
um in nutrient-limited environments only. Moreover, inhibited
onidia were viable as they were still able to germinate when
ncubated at high apple juice concentrations without and even
ith the antagonist (Fig. 2). These data suggest therefore, that
. pullulans strain Ach1-1 out-competes P. expansum conidia

or apple nutrients without affecting their viability. Its biocon-
rol activity was concentration-dependent (data not shown) and
an be reversed either in vitro at high apple juice concentrations
Figs. 1 and 2) or in situ by the addition of exogenous apple
utrients (Figs. 3, 4, 7 and 8), which constitute supporting evi-
ence for a possible involvement of competition for nutrients in
he biocontrol activity of strain Ach1-1 against blue mold caused
y P. expansum on stored apple fruit (Droby et al., 1989; Lima et
l., 1997; Janisiewicz et al., 2000; Castoria et al., 2001; Meziane
t al., 2006). If this is the case, strain Ach1-1 applied on apple
urfaces will exert a fungistatic rather than fungicidal activity
n P. expansum as it will deplete (limiting) nutrients available at
he infection site (wounds) and inhibit conidia germination that

epends on exogenous nutrients without affecting their viability.
his will delay or prevent apple decay after harvest depending
n the biocontrol agent concentration. In this way, competition
or nutrients may be particularly effective as a sole mode of
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ction or it may weaken the pathogen and predispose it to other
echanisms. In fact, other modes of action, including elicita-

ion of host defence responses or production of lytic enzymes,
ight contribute simultaneously or sequentially with competi-

ion for nutrients to the biocontrol activity of strain Ach1-1 as
as reported for other strains of the same species (Ippolito et

l., 2000; Castoria et al., 2001).
It is important to mention that our in situ assays were con-

ucted using high concentrations of amino acids, vitamins and
ugars considering those reported for apple fruit tissues (USDA
utrient database for standard reference, release 14, 2001).
mong these apple nutrients, amino acids seem to be more

nvolved in competition between strain Ach1-1 and P. expan-
um than vitamins and more particularly than sugars, at least
nder our experimental conditions (Fig. 3). Moreover, an exoge-
ous application of increasing concentrations of amino acids in
pple wounds significantly lowered (by 64% at the highest con-
entration) the biocontrol activity of strain Ach1-1 against P.
xpansum (Fig. 4) without altering the development of these
icroorganisms (Figs. 4 and 5), suggesting that competition

or apple amino acids by strain Ach1-1 plays an important
ole in suppressing P. expansum. This finding was strengthened
y a time-course analysis of wound amino acids during apple
ncubation in which these nutrients were more depleted in the
resence of strain Ach1-1 than in the presence of P. expansum
nd that the most rapid depletion was obtained in the pres-
nce of both agents (Fig. 6). This suggests that strain Ach1-1
ssimilates apple amino acids better than P. expansum, most
articularly serine, glycine and glutamic acid. Serine and glu-
amic acid were found to be two of three major amino acids
n diluted apple juice and were completely depleted during
he 24 h of incubation with another A. pullulans strain (ST1-
24) in vitro (Janisiewicz et al., 2000). Therefore, these amino

cids may be more involved than the other amino acids in the
echanism of competition. Indeed, their application on apple
ounds at high concentrations either as a mixture (Fig. 7) or

ndividually (Fig. 8) strongly lowered the biocontrol activity
f strain Ach1-1, which indicates that these amino acids, and
specially serine, appear to be the most limited nutrients in this
ompetition.

Overall, our data provide strong evidence from both in vitro
nd in situ assays that competition for apple nutrients would be
ne of the main mechanisms underlying the biocontrol activity of
. pullulans strain Ach1-1 against P. expansum on stored apple

ruits, amino acids being the most limited nutrients. Among
hese amino acids, glycine, glutamic acid and especially ser-
ne appear to be the most limited nutrients in this mechanism.
he investigation will continue to find out the gene(s) involved

n the uptake and the metabolism by the antagonist cells of these
imited amino acids.
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et poires. INRA, Paris.

astoria, R., De Curtis, F., Lima, G., De Cicco, V., 1997. �-1,3-Glucanase activ-
ity of two saprophytic yeasts and possible mode of action as biocontrol
agents against postharvest diseases. Postharvest Biol. Technol. 12, 230–
293.

astoria, R., De Curtis, F., Lima, G., Caputo, L., Pacifio, S., De Cicco, V., 2001.
Aureobasidium pullulans (LS-30) an antagonist of postharvest pathogens of
fruits: study on its mode of action. Postharvest Biol. Technol. 22, 7–17.

roby, S., Chalutz, E., 1994. Mode of action of biocontrol agents of postharvest
diseases. In: Wilson, C.L., Wisniewski, M.E. (Eds.), Biological Control of
Postharvest Diseases. Theory and Practice. CRC Press, Boca Raton, FL, pp.
365–389.

roby, S., Chalutz, E., Wilson, C.L., Wisniewski, M.E., 1989. Characterization
of the biocontrol activity of Debaryomyces hansenii in the biocontrol of
Penicillium digitatum on grape-fruit. Can. J. Microbiol. 35, 794–800.

ravel, D.R., 2005. Commercialization and implementation of biocontrol. Annu.
Rev. Phytopathol. 43, 337–359.

uetsky, R., Shtienberg, D., Elad, Y., Fischer, E., Dinoor, A., 2002. Improv-
ing biological control by combining biocontrol agents each with several
mechanisms of disease suppression. Phytopathology 92, 976–985.

ppolito, A., El Ghaouth, A., Wilson, C.L., Wisniewski, M., 2000. Control of
postharvest decay of apple fruit by Aureobasidium pullulans and induction
of defense responses. Postharvest Biol. Technol. 19, 265–272.

ppolito, A., Schena, L., Pentimone, I., Nigro, F., 2005. Control of postharvest
rots of sweet cherries by pre- and postharvest applications of Aureobasid-
ium pullulans in combination with calcium chloride or sodium bicarbonate.
Postharvest Biol. Technol. 36, 245–252.

anisiewicz, W.J., Korsten, L., 2002. Biological control of postharvest diseases
of fruits. Annu. Rev. Phytopathol. 40, 411–441.

anisiewicz, W.J., Tworkoski, T.J., Sharer, C., 2000. Characterizing the mech-
anism of biological control of postharvest diseases on fruits with a simple
method to study competition for nutrients. Phytopathology 90, 1196–1200.

ijakli, M.H., Lepoivre, P., 1993. Biological control of postharvest Botry-
tis cinerea and Penicillium on apples. IOBC/WPRS Bull. 16, 106–
110.

ijakli, M.H., Lepoivre, P., 2004. State of the art and challenges of post-harvest
disease management in apples. In: Mukerji, K.G. (Ed.), Disease Manage-
ment of Fruits and Vegetables. Fruit and Vegetable Diseases, vol. 1. Kluwer
Academic Publishers, The Netherlands, pp. 59–94.

ima, G., Ippolito, A., Nigro, F., Salerno, F., 1997. Effectiveness of Aureoba-
sidium pullulans and Candida oleophila against postharvest strawberry rots.
Postharvest Biol. Technol. 10, 169–178.

ima, G., Arru, S., De Curtis, F., Arras, G., 1999. Influence of antagonist, host

fruit and pathogen on the biological control of postharvest fungal diseases
by yeasts. J. Ind. Microbiol. Biotechnol. 23, 223–229.

ima, G., De Curtis, F., Castoria, R., De Cicco, V., 2003. Integrated control
of apple postharvest pathogens and survival of biocontrol yeasts in semi-
commercial conditions. Eur. J. Plant Pathol. 109, 341–349.



iolog

M

M

M

P

S
biological control of postharvest fruit diseases. Int. J. Food Microbiol. 91,
185–194.
S.K. Bencheqroun et al. / Postharvest B

assart, S., Jijakli, M.H., 2007. Use of molecular techniques to elucidate the
mechanisms of action of fungal biocontrol agents: a review. J. Microbiol.
Meth. 69, 229–241.

cKinley, E.R., Carlton, W.W., 1991. Patulin. In: Sharma, R.P., Salunkhe,
D.K. (Eds.), Mycotoxins and Phytoalexins. CRC Press, Boca Raton, FL,

pp. 191–236.

eziane, H., Gavriel, S., Ismailov, Z., Chet, I., Chernin, L., Höfte, M., 2006.
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