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An integrated approach for biological control of crown rot of banana was studied. The efficacy of three
control measures, applied alone or in various combinations, was evaluated under conditions highly con-
ducive to the development of crown rot (artificial inoculation of Colletotrichum musae at 104 conidia/ml).
The studied measures were: application of an antagonistic yeast (Candida oleophila strain O at 1.107 cfu/
ml), treatment with 2% (w/v) calcium chloride, and modified atmosphere packaging of fruit (MAP) in non-
perforated polyethylene bags. C. oleophila was able to grow under MAP, maintaining a large population
(7.106 to 7.107 cfu/g crown) throughout the 13 days of storage. Both treatment with the antagonistic
yeast and storage under MAP, applied separately, reduced crown rot significantly (by 22% and 20%,
respectively, as compared to untreated controls). The effect of the yeast was the same whether it was pro-
duced in Petri dishes or in a fermentor. Calcium chloride treatment alone had no effect on C. musae. The
antagonistic yeast showed a 16% higher biocontrol activity (from 26% to 42%) when applied together with
2% (w/v) calcium chloride, and the presence of this adjuvant made it possible to achieve the same pro-
tective effect with a lower yeast concentration. The highest efficacy (53%) was achieved by the combina-
tion of the three alternatives means of control and a synergistic relation has been detected between the
yeast, calcium chloride and MAP. Considering the severe conditions of screening, the consistency of the
results obtained in this study indicates that the integrated strategy has great potential for control of
crown rot of banana under commercial conditions.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Crown rot is one of the most damaging postharvest diseases of
exported bananas (Slabaugh and Grove, 1982; Reyes et al., 1998;
Krauss and Johanson, 2000). It is caused by a large complex of
fungal pathogens varying according to the geographic location
and time of year (Meredith, 1971). Among the organisms compos-
ing this complex, Colletotrichum musae is often regarded as the
most pathogenic (Greene and Goos, 1963; Lukezic et al., 1967;
Shillingford, 1976; Finlay and Brown, 1993; Lassois et al., 2008).
First symptoms may be observed after shipment, increasing rap-
idly during fruit ripening (Slabaugh and Grove, 1982). The rot be-
gins at the cut surface of the crown and proliferates through the
crown tissue, causing blackening and softening. In severe cases,
the rot can spread through the pedicels of individual fingers
and infect the banana pulp (Muirhead and Jones, 2000). This de-
cay makes the fruit difficult to handle and unappealing to con-
sumers, and a high incidence of crown rot can cause premature
ll rights reserved.
ripening during transit rendering the fruits unmarketable (Greene
and Goos, 1963).

Control of crown rot of bananas involves an integrated combi-
nation of sanitation practices at field and packing station level,
postharvest fungicide treatments and modified atmosphere pack-
aging (MAP) (Slabaugh and Grove, 1982; Krauss and Johanson,
2000; Lassois et al., 2008). Despite these management practices,
high crown rot levels are still encountered in the marketing of ba-
nanas. In the UK, for instance, losses exceeding 10% have been ob-
served for fruits harvested in the Windward Islands during the
rainy season (Krauss and Johanson, 2000). Furthermore, the
increasing public demand for a strongly reduced pesticide use,
stimulated by greater awareness of environmental and health is-
sues, and the emergence of C. musae strains resistant to the key
fungicides (Griffee and Burden, 1976; Johanson and Blazquez,
1992; de Lapeyre de Bellaire and Dubois, 1997), limit the posthar-
vest application of chemicals to banana. Yet for banana from the
Philippines, for example, losses as high as 86% have been recorded
when the fruits were not subjected to any postharvest chemical
treatment (Alvindia et al., 2000). These facts constitute a strong

http://dx.doi.org/10.1016/j.biocontrol.2009.10.012
mailto:MH.Jijakli@ulg.ac.be
http://www.sciencedirect.com/science/journal/10499644
http://www.elsevier.com/locate/ybcon


H. Bastiaanse et al. / Biological Control 53 (2010) 100–107 101
incentive to develop alternative strategies for the control of crown
rot of banana.

The use of biological control agents (BCAs) for the management
of postharvest diseases of fruits appears as a realistic approach for
three main reasons: (i) the regulation of the environmental param-
eters during fruit storage is suitable for BCAs, (ii) the application
sites of BCAs are limited to the fruit and (iii) the high retail value
of fresh fruits can justify the potentially higher cost of biological
treatments as compared to chemical methods (Wilson and
Wisniewski, 1989; Janisiewicz and Korsten, 2002). Biological con-
trol of crown rot of banana has been evaluated with several BCAs,
including notably fungi such as Glyocladium sp., Pythium sp., Trich-
oderma sp., Verticillum sp. (Krauss et al., 1998; East and Kenyon,
1998), bacteria of the Burkholderia cepacia complex (de Costa and
Erabadupitiya, 2005) and several yeast strains of the species Rho-
dotorula glutinis, Cryptococcus laurentii and Cryptococcus albidus
(Postmaster et al., 1997). A previous study identified Candida
oleophila strain O, a naturally occurring saprophytic yeast isolated
from the surface of apple fruit (Jijakli et al., 1993b), as a promising
agent for the control of crown rot of banana (Lassois et al., 2008).
This strain was initially selected for its high and reliable antagonis-
tic activity against Botrytis cinerea and Penicillium expansum, two
important postharvest wound pathogens of apples (Jijakli et al.,
1993b). Its potential as a BCA for use against crown rot of banana
has been demonstrated on the basis of its antagonistic activity
against an artificial fungal complex composed of C. musae, Fusar-
ium moniliforme and Cephalosporium sp. In these experiments, the
level of protection against the fungal complex appeared to depend
on the incubation time before inoculation of the pathogens and on
the fruit susceptibility to the fungal complex (Lassois et al., 2008).
The highest protection level (54.4%) was achieved when the strain
was applied to crowns at the concentration of 108 colony-forming
units per milliliter (cfu/ml). Data also demonstrated an antagonis-
tic activity of C. oleophila strain O against C. musae inoculated
alone, with a protective level ranging from 33.4% to 47.2% at the
concentrations tested (106, 107 and 108 cfu/ml). Nevertheless, the
biological treatments tested were always significantly less effec-
tive than the fungicide treatments.

Many BCAs provide a partial protection against postharvest dis-
eases of many fruits, but most of them, when used alone, did not offer
the level of control of synthetic fungicides. As biological means can-
not currently solve all the problems of rots during fruit storage, they
must be considered as a tool to be used in combination with other
approaches in the framework of integrated disease management
(Janisiewicz and Korsten, 2002). The combination of a BCA with or-
ganic and inorganic salts has been proposed as a safe and effective
means of improving the biocontrol activity of the BCA against post-
harvest diseases of fruit. Prior studies have shown that the addition
of calcium chloride improves the efficacy of C. oleophila against
B. cinerea and Penicillium expansum on apple (McLaughlin et al.,
1990; Jijakli et al., 1993a; Wisniewski et al., 1995), of Pichia guiller-
mondii against rots of grapefruits (Droby et al., 1997) and of Aureoba-
sidium pullulans against postharvest rots of sweet cherries (Ippolito
et al., 2005). Improvement of biocontrol with additives may result
from direct inhibition of the pathogen, elicitation of systemic ac-
quired resistance in the host tissue and/or stimulation of the antag-
onistic activity. Moreover, since additives can make it possible to use
a lower antagonist concentration without affecting the protection
level (Lima et al., 2005), the presence of specific additives in the for-
mulation of BCAs appears as an essential prerequisite to the com-
mercial success of BCAs.

The successful commercial use of a BCA also depends on its
compatibility with postharvest practices. Modified atmosphere
packaging (MAP) of banana in non-perforated polyethylene bags
called banavac is commonly used in international transport. Alter-
ation of the gaseous environment, due to fruit respiration and spe-
cific permeability of the plastic bags to gases, extends the storage
life of bananas and maintains important quality attributes
(Thompson, 1998). MAP of fruits in banavacs is also known to sup-
press spore germination and to reduce postharvest decay of bana-
nas (Goos and Tschirsch, 1962; Slabaugh and Grove, 1982; Chillet
and de Lapeyre de Bellaire, 1996; Thompson, 1998). By combining
a BCA with calcium chloride and MAP of fruit it might be possible
to overcome the shortcomings of each measure used separately
and thus to obtain a satisfactory level of protection.

The present study was undertaken to develop an integrated
strategy for controlling crown rot of banana, based on the com-
bined use of the biocontrol agent C. oleophila strain O, calcium
chloride and fruit storage under MAP of fruit in 20-lm-thick poly-
ethylene banavacs. We first investigated the population dynamics
of the antagonistic yeast during fruit storage under a reduced-O2,
elevated-CO2 atmosphere, as the protective effect of C. oleophila
strain O seems to be closely related to its ability to colonize apples
(Jijakli and Lepoivre, 1993). Next we tested some technological
properties of C. oleophila strain O, comparing the protective activity
of the fresh yeast produced in a Petri dish with that of the lyophi-
lized yeast produced in a fermentor. We then evaluated the effi-
cacy of BCA, calcium chloride and MAP applied as stand-alone
treatments and in combination under conditions highly conducive
to the development of crown rot through artificial inoculation with
C. musae.
2. Materials and methods

2.1. Fruits

Experiments were conducted with healthy-looking mature and
unripe banana fruits (Musa acuminata AAA, cv Grande Naine,
Cavendish subgroup) obtained (a) for monitoring the yeast popula-
tion dynamics, from a commercial source in Belgium just before
the ethylene treatment or (b) for the biocontrol assays, from the
second and third hands of 20 bunches, just harvested at the same
physiological age of 900 degree-days (Chillet et al., 2006) and col-
lected in a packing shed in Cameroon (Dia-Dia, ‘‘Plantations du
Haut Penja” PHP, Njombé).

For all experiments, hands were separated into 4-finger clus-
ters, each randomly assigned to one assay modality. The external
fingers on each hand were systematically eliminated. Smoothly
cut crowns were obtained with a sharp knife leaving as much
crown tissue as possible. Latex from crown tissue was dried with
absorbent paper after 30 min and the crowns were surface-steril-
ized by submersion in 50% ethanol. The crowns were then dried
during 2 h at ambient temperature before use.
2.2. Microorganisms and chemical compounds

Fifteen days before use, C. musae cultures were initiated from
cryotubes (stored at �20 �C in a 30% glycerol solution) by placing
100 ll of suspension on a modified Mathur culture medium (per li-
ter: 2.5 g MgSO4�7H2O, 2.7 g KH2PO4, 1 g peptone, 1 g yeast extract,
10 g sucrose, 15 g agar) at 25 �C for 5 days. The culture was then
transferred to fresh Mathur medium and incubated at 25 �C for
10 days. The spore suspension was prepared by flooding the culture
with sterile distilled water and filtering through a 45 lm sieve. The
concentration of the conidial suspension was determined with a
Mallassez cell and adjusted to 104 conidia/ml. The C. musae strain
inoculated is sensitive to bitertanol and thiabendazole.

The antagonistic yeast C. oleophila strain O was isolated from the
surface of apple fruit (Jijakli et al., 1993b) and used at the concentra-
tion of (a) 108 cfu/ml in order to monitor the yeast population
dynamics or (b) 107 cfu/ml in the three biocontrol experiments.
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Fresh yeast suspension was prepared from cultures on PDA at 25 �C
(cultures were transferred three times at 1-day intervals to fresh
PDA medium before use) by flooding the cultures with sterile dis-
tilled water containing 8.5 g/l NaCl. Final dilutions of the fresh BCA
were adjusted with a Mallassez cell. In the biocontrol assays, two for-
mulations of the BCA were tested: this fresh form and also a water-
dispersible granule (WDG) formulation, named biomass in this
study, obtained by growing the cultures in a fermentor and drying
them in a fluidised bed dryer. The biomass suspension was prepared
at 107 cfu/ml as follows: 1 g biomass was rehydrated for 2 h with 3 l
of an 8.5 g/l NaCl solution.

For calcium chloride treatment, a 2% (w/v) solution of dihy-
drated calcium chloride was used. Treatment with the fungicide
bitertanol (Baycor� at 0.7 ml/l) was used as the reference posthar-
vest chemical control treatment.

2.3. Preliminary evaluation of the yeast population dynamics on
banana fruits under MAP

The aim of this preliminary experiment was to ascertain that
C. oleophila strain O can adapt to the changes in respiratory gas
concentrations occurring during storage in banavacs. Crowns of
each cluster were immersed for 10 s in a suspension of C. oleophila
strain O at 108 cfu/ml prepared as previously described above.
Fruits were packed in 18-lm-thick perforated polyethylene bags
or in 50-lm-thick non-perforated banavacs and then placed in
commercial boxes. There were five commercial boxes per type of
packaging and each box contained 10 fruit clusters. The size of
each polyethylene bag was adjusted so as to have a constant ratio
of plastic area to fruit weight (0.15 m2/kg) and the fruits were
stored at 13 �C for 10 days in order to simulate shipment. Then,
to induce fruit ripening, the bananas were exposed for 24 h at
20 �C, in hermetically sealed boxes, to azethyl gas (95% N2 and
5% ethylene) at 1000 ppm, after which they were ventilated before
storage for another 2 days at 20 �C. The yeast population was eval-
uated on one box of each packaging after 1, 2, 3, 10 and 13 days of
storage. Crowns were explanted from the fruit with a sterile knife,
weighed, immersed in 1 l sterile 0.05 M dibasic potassium phos-
phate buffer (pH 6.5), and homogenized for 20 min at 120 rpm.
Tenfold serial dilutions in sterile buffer were then prepared and
yeast colonies were counted after transfer on a semi-selective
medium composed of PDA supplemented with 12.5 mg/l hygromy-
cine B, 0.25 mg/l Thiram and 2.5 mg/l Sumico. Four plates per dilu-
tion were poured with 100 ll diluted suspension. After incubation
at 25 �C for 3 days, yeast colony counts were recorded and ex-
pressed as colony-forming units (cfu) per g of crown. Assays were
performed three times.

2.4. Evaluation of crown rot biocontrol by different postharvest
treatments applied to fruits artificially inoculated with C. musae

2.4.1. Artificial inoculation, treatment, storage and ripening of fruits
and rot evaluation

Crowns were inoculated by placing 50 ll of C. musae conidial
suspension at the center of the freshly cut and sterilized surface.
The droplet was immediately covered with a small paper filter.
One hour after inoculation, the crowns of each cluster were im-
mersed for 10 s in the assigned postharvest treatment bath. The
20 harvested bunches used in these experiments were treated sta-
tistically as blocks. Each treatment modality was applied to 20
clusters, one from each bunch. The clusters from each bunch were
allotted randomly to the various modalities of each trial. One hour
after the postharvest treatments, fruits were packed in perforated
polyethylene bag (polybag) in commercial boxes. They were stored
at 13 �C for 10 days in order to simulate shipment. Then, the bana-
nas were dipped for a short time in a solution of Ethrel (480 g/l) for
ripening and placed at 20 �C for 3 days. After these 13 days of stor-
age, rot progression in the crown tissue was evaluated by cutting
each crown longitudinally and measuring the area of the rot sur-
face. This Internal Necrotic Surface (INS) was assimilated to a rect-
angle and measured in mm2.

2.4.2. Effect of calcium chloride additive and yeast formulation on the
biocontrol activity of C. oleophila strain O

The first experiment was a preliminary evaluation of the ability
of calcium chloride (2%) to enhance the biocontrol activity of
C. oleophila strain O against C. musae. Some technological properties
of the antagonistic yeast were also tested, i.e. the level of protec-
tion against crown rot afforded by the antagonistic yeast grown
in a Petri dish (fresh BCA) was compared with the level provided
by the fermentor-grown, lyophilized, rehydrated yeast (the bio-
mass suspension). In all, the experiment compared the efficacies
of the following postharvest treatments applied to artificially inoc-
ulated clusters: (a) sterile distilled water, (b) fresh BCA, (c) bio-
mass, (d) biomass + calcium chloride and (e) bitertanol solution
(Baycor�). Assays were performed three times.

2.4.3. Integrated biocontrol of crown rot with C. oleophila strain O,
calcium chloride and MAP

The efficacies of three postharvest treatments, the use of C. oleo-
phila strain O, the use of calcium chloride at 2% and storage of fruits
under MAP were evaluated as stand-alone treatments and also in
various combinations. The following treatments were applied on
crowns artificially inoculated by C. musae: (a) sterile distilled
water, (b) calcium chloride, (c) sterile distilled water + MAP, (d)
calcium chloride + MAP, (e) biomass + MAP, (f) biomass + calcium
chloride, (g) biomass + calcium chloride + MAP and (h) bitertanol
solution (Baycor�). Fruits to be stored under MAP were packed in
non-perforated polyethylene banavacs (20 lm thick). Fruits not
to be stored under MAP were packed in perforated polyethylene
bags (20 lm thick). Assays were performed three times.

2.4.4. Effect of calcium chloride and yeast concentration on the
biocontrol activity of the antagonistic yeast C. oleophila strain O

Calcium chloride at 2% was tested in combination with three
concentrations of C. oleophila strain O: once, twice and four times
the recommended concentration n (equal to 1 g biomass/3 l). The
following postharvest treatments were compared for crown rot
control on artificially inoculated clusters: (a) sterile distilled water,
(b) sterile distilled water + MAP, (c) biomass concentration
n + MAP, (d) biomass concentration 2n + MAP, (e) biomass concen-
tration 4n + MAP, (f) biomass concentration n + calcium chlo-
ride + MAP, (g) biomass concentration 2n + calcium chloride
+ MAP, (h) biomass concentration 4n + calcium chloride + MAP.
Fruits to be stored under MAP were packed in non-perforated poly-
ethylene banavacs (20 lm thick), whereas fruits not to be stored
under MAP were packed in perforated polyethylene bags (20 lm
thick). Assays were performed three times.

2.5. Data analysis

On the basis of the enumeration of the yeast populations recov-
ered from the banana clusters stored under different atmospheres,
the Area Under Population Progress Curve (AUPPC) was calculated
according to the equation of Campbell and Madden (1990):

AUPPC ¼
XN�1

i

½ðYi þ Yiþ1Þ � ðTiþ1 � TiÞ� � 0:5

where N is the number of evaluations, Y the yeast population den-
sity in cfu/g crown and T the number of days of storage. The AUPPC
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provides a convenient cumulative measure of the yeast population,
and is used to average out the rate and shape of the yeast growth
curve. The resulting AUPPC values were log transformed and sub-
jected to analysis of variance (ANOVA) using MINITAB 13.1, the
types of fruit packaging (2 levels) and storage length (5 levels) being
used as fixed factors.

Data from the biocontrol experiments were factorially analysed
by a three-way general linear model ANOVA using MINITAB 13.1
with treatment (5 or 8 levels depending on the biocontrol assay),
repetition (3 levels) and bunch (20 levels) as main factors. The
treatment means were separated at the 5% significance level by
the Newman–Keuls test. To compare the effectiveness of the differ-
ent postharvest treatments, INS were converted to protection level
percentages (PLs) as follows: PL = [(Dc � Dt)/Dc] � 100, where Dc is
the mean INS in the control and Dt is the mean INS corresponding
to the treatment concerned.

To assess the advantage of combined postharvest treatments
with respect to the same treatments applied alone, the type of
interaction (additive, synergistic or antagonistic) was evaluated.
For this the synergy factor (SF) was calculated according to the
Abbott’s formula (Levy et al., 1986): SF = Yobs./Yexp., where Yobs.

and Yexp., are, respectively, the observed and expected PLs of the
combination. Yexp. was calculated as follows: (Ya + Yb)–(Ya � Yb/100),
where Ya = PL of postharvest treatment a; Yb = PL of postharvest
treatment b. If SF = 1, the interaction between the two postharvest
treatments is additive; if SF < 1, the interaction is antagonistic; if
SF > 1, the interaction is synergistic.

3. Results

3.1. Preliminary evaluation of the yeast population dynamics under
MAP of fruits

The population dynamics of yeast was very similar for the two
types of packaging (Fig. 1). Population densities of C. oleophila
strain O recorded on crowns increased from 7.106 cfu/g crown soon
after yeast application to a maximum of 2.108 cfu/g crown after
10 days of storage at 13 �C. It decreased slowly after ethylene treat-
ment. Log-transformed AUPPC values had equal variances and nor-
mal distributions. Analysis of variance of the AUPPCs indicated
significant differences in the average population density on crowns
between different times of evaluation during storage (P < 0.001).
Fig. 1. Influence of the storage atmosphere on the density (cfu/gcrown) of the C. oleophila
of 108 cfu/ml. Fruits were packed with non-perforated (banavac) or perforated polyethyl
13 �C to simulate maritime shipment, the fruits were artificially ripened with azethyl gas
another 2 days. The population density data are means of three trials (10 clusters/trial).
No statistically significant differences (P = 0.729) were observed
between the two types of packaging over the 13 days of storage.
No significant interaction was detected between the factors ‘‘type
of packaging” and ‘‘storage length” (P = 1.000).
3.2. Effect of calcium chloride additive and yeast formulation on the
biocontrol activity of C. oleophila strain O

During this experiment, C. oleophila strain O was found to re-
duce significantly (P < 0.001) the INS by 22% in the case of the fresh
yeast and by 26% in the case of the biomass suspension, as com-
pared to the untreated control (Fig. 2). The difference observed be-
tween the biocontrol activities provided by the two forms of yeast
was not statistically significant. Addition of calcium chloride (2%)
to the antagonist suspension significantly enhanced biocontrol.
When the biomass suspension was used, calcium chloride addition
caused the PL to increase by 16%, from 26% to 42%. Fungicide con-
trol of crown rot was stronger than any of the biological treatments
tested (PL of 96%).
3.3. Integrated biocontrol of crown rot with C. oleophila strain O,
calcium chloride and MAP

Calcium chloride (2%) as a stand-alone treatment (Fig. 3) was
not effective against crown rot. All treatments in which the bio-
mass suspension or MAP was used significantly reduced the INS
(P < 0.001) as compared to the untreated control packed in perfo-
rated polyethylene bags. Furthermore, all treatments with the bio-
mass suspension afforded a better protective level than the same
treatment without it, except for the combination biomass + MAP.
Under MAP, the PL was higher when 2% calcium chloride was in-
cluded in the applied yeast cell suspension. Among the biological
treatments, the best protection was provided by the combination
of the BCA with calcium chloride and MAP (PL of 49%). To ascertain
the type of interaction (antagonistic, additive or synergistic) be-
tween calcium chloride and BCA, the data pertaining to the adju-
vant-BCA combinations for fruit under MAP were further
analyzed. BCA treatment and calcium chloride addition were found
to act synergistically (SF = 1.3). Fungicide control of crown rot (PL
of 99%) remained stronger than control by any of the biological
treatments tested.
strain O population recovered from banana crowns inoculated at the concentration
ene bags (polybag), respectively, 50 lm and 18 lm thick. After 10 days of storage at
(95% N2 and 5% ethylene at 1000 ppm at 20 �C for 24 h) and were stored at 20 �C for
Bars represent standard deviations from the mean.



Fig. 2. Internal Necrotic Surface (INS, mm2) on banana clusters (20 clusters/treatment) inoculated with C. musae (104 conidia/ml) and treated with a suspension of C. oleophila
strain O alone (107 cfu/ml) or with added 2% calcium chloride. The INS was measured after 10 days of storage at 13 �C and artificial ripening of the fruits. Two forms of the
antagonistic yeast were used: a fresh form produced in Petri dishes (fresh BCA) and an industrial form produced in a fermentor and dried (biomass). Fruits treated with sterile
distilled water (untreated control) and fruits treated with a reference fungicide (bitertanol at 0.7 ml/l) were used for comparison. Bars with different letters are statistically
different at the 5% significance level according to the Newman–Keuls test. Standard deviations are represented on each bar of the histogram. Assays were performed three
times.

Fig. 3. Internal Necrotic Surface (INS, mm2) on banana clusters (20 clusters/treatment) inoculated with C. musae (104 conidia/ml) and subjected to the following treatments
used alone or in various combinations: application of C. oleophila strain O (1 g biomass/3 l), application of 2% calcium chloride, and modified atmosphere packaging of fruit
(MAP) in banavac 20 lm thick. The INS was evaluated after 10 days of storage at 13 �C and artificial ripening of the fruits. Fruits treated with sterile distilled water (untreated
control) and fruits treated with a reference fungicide (bitertanol at 0.7 ml/l) were used for comparison. Bars with different letters are statistically different at the 5%
significance level according to the Newman–Keuls test. Standard deviations are represented on each bar of the histogram. Assays were performed three times.
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3.4. Effect of calcium chloride and yeast concentration on the
biocontrol activity of C. oleophila strain O

All concentrations of the BCA used with MAP of fruit in non-per-
forated banavacs significantly reduced the crown rot severity as
compared to the untreated control (P < 0.001). A dose–response
relationship was observed (Fig. 4): whereas the single dose
(n = 1 g/3 l) and the double dose (2n) of BCA showed statistically
the same efficacy (with PLs of 36% and 32%, respectively), the qua-
druple dose (4n) afforded significantly higher protection
(PL = 42%). As in the previous experiment, addition of 2% calcium
chloride to the yeast suspension greatly enhanced the antagonistic
activity: calcium chloride combined with the recommended yeast
concentration had a higher efficacy than the yeast applied alone at
the 4-fold-higher concentration. Furthermore, the response ap-
peared to increase more sharply with the BCA concentration when
calcium chloride was added to the yeast suspension. Biocontrol of
crown rot by C. oleophila strain O was most effective when the BCA
was applied at 2 g/3 l (dose 2n) or 4 g/3 l (dose 4n) in combination
with 2% calcium chloride.
4. Discussion

The need for suitable alternatives to fungicides for the control of
postharvest decay has prompted research aiming to devise an inte-
grated control strategy combining various alternatives and having
the same efficacy as fungicide treatments. The objective of the
present study was to evaluate the feasibility of combined applica-
tion of a BCA (C. oleophila strain O), an adjuvant (calcium chloride)
and a modified atmosphere packaging of fruit (MAP) for the bio-
control of crown rot of banana.

In our study, the postharvest application of C. oleophila strain O
at the concentration of 107 cfu/ml resulted in a significant reduc-
tion of crown rot caused by C. musae, with a protection level of
22%. In a previous study by Lassois et al. (2008) in which this



Fig. 4. Internal Necrotic Surface (INS, mm2) on banana clusters (20 clusters/treatment) inoculated with C. musae (104 conidia/ml) and subjected to treatment with different
concentrations of C. oleophila strain O (n = 1 g biomass/3 l, 2n = 2 g biomass/3 l, 4n = 4 g biomass/3 l) with or without added 2% calcium chloride, stored under modified
atmosphere packaging of (MAP, in banavac 20 lm thick) or in perforated polyethylene bags for 10 days at 13 �C, and then artificially ripened. Fruits treated with sterile
distilled water (untreated control) and fruits treated with a reference fungicide (bitertanol at 0.7 ml/l) were used for comparison. Bars with different letters are statistically
different at the 5% significance level according to the Newman–Keuls test. Standard deviations are represented on each bar of the histogram. Assays were performed three
times.
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yeast strain was used fresh, at the same concentration, on crowns
artificially inoculated with C. musae, the protection level observed
was 34%, but the efficacy of the BCA was found to decrease when
the severity of crown rot on the untreated control increased.
Hence, the lower biocontrol activity observed in our study may
be attributable to the greater severity of the disease observed
on the untreated control (INS = 350 mm2) than in the previous
study (INS = 270 mm2). Here we further show that C. oleophila
strain O can be mass-produced and dried without affecting its
efficacy against crown rot control, since the yeast produced in
Petri dishes (fresh BCA) and the yeast produced in a fermentor,
lyophilized and rehydrated prior to application (the biomass sus-
pension) showed the same biocontrol activity. Although often ne-
glected, this technological property constitutes an important
selection criterion for candidate BCAs, since mass production by
fermentation is quick, efficient, and inexpensive and since subse-
quent drying makes a biological product easy to handle and store,
these features making the BCA compatible with practical use on
an industrial scale.

While calcium chloride (2%) alone failed to reduce significantly
the severity of crown rot caused by C. musae, the combination of
C. oleophila strain O with calcium chloride (2%) resulted in syner-
gistically enhanced biocontrol activity (a 16% higher PL than when
the biomass suspension was applied alone). The ability of calcium
chloride to improve the biocontrol activity of antagonistic yeasts
against several postharvest diseases of fruits has been widely dem-
onstrated (McLaughlin et al., 1990; Jijakli et al., 1993a; Droby et al.,
1997; Tian et al., 2002; Ippolito et al., 2005), but the mechanisms
involved are not fully understood. Various hypotheses take into ac-
count the complex interactions involving host resistance and the
wound response as well as the antagonistic interactions between
BCA and pathogens (McLaughlin et al., 1990; Conway et al.,
1994; Droby et al., 1997; Manganaris et al., 2005). Here, the fact
that calcium chloride applied alone had no significant effect sug-
gests that the observed improvement of biocontrol activity may
be mainly due to the interaction of calcium with the yeast at the
crown surface rather than to enhancement of host resistance or di-
rect inhibition of the pathogen. Further study is needed to see if
the presence of calcium affects growth and survival of the yeasts
at the crown surface or if it increases the antagonistic activity of
yeast by stimulating certain yeast physiological processes.
MAP of fruits is commonly used in international transport, and
combining this modern storage technique with biological control is
worth considering. We have observed that when bananas are pack-
aged in 50-lm-thick non-perforated polyethylene banavacs, the O2

content ranges between 1% and 2% and the CO2 content between
5% and 7% (unpublished data). Here we show that C. oleophila
strain O seems well adapted to these changes in respiratory gas
concentration, since the population dynamics was the same
whether the fruits were stored under MAP or under standard con-
ditions: when the yeast was applied at 108 cfu/ml concentration,
its population size remained high, between 7.106 and 7.107 cfu/g
crown, throughout the 13 days of storage. Massart et al. (2005)
likewise report that Ultra Low Oxygen (ULO) conditions (1.5% O2)
do not affect survival of C. oleophila strain O at the apple fruit sur-
face. Since competition for nutrients may play a role in antagonis-
tic activity (Jijakli et al., 1999; Janisiewicz and Korsten, 2002;
Sparado and Gullino, 2004), the ability of C. oleophila strain O to
survive and multiply at the crown surface under a modified atmo-
sphere seems encouraging when one envisages the integrated use
of this yeast with a MAP of bananas in non-perforated banavacs or
possibly under a controlled atmosphere. In the present study, MAP
packaging in non-perforated 20-lm-thick polyethylene banavacs
significantly reduced crown rot during storage (PL = 20%). This
ability of MAP to reduce postharvest decays of banana has been
widely reported by different authors (Slabaugh and Grove, 1982;
Chillet and de Lapeyre de Bellaire, 1996; Thompson, 1998). O2

depletion and/or CO2 enrichment in the polyethylene bags might
directly inhibit the pathogen (Goos and Tschirsch, 1962) and/or
indirectly reduce rotting because banana ripening and senescence
are delayed under MAP (Chillet and de Lapeyre de Bellaire, 1996).
Whatever the case may be, MAP appeared in the present study to
exert only a limited protective effect against crown rot. This is
probably because the respiratory gas levels attained under
MAP in 20-lm-thick non-perforated polyethylene banavacs (O2,
12–15%; CO2 1–2%, unpublished data) are not adequate for optimal
inhibition of the pathogen or alteration of fruit physiology. Previ-
ous studies have indeed shown that ultra low O2 (<1%) and high
CO2 concentrations (>15%) are necessary to inhibit germination
of C. musae conidia (Goos and Tschirsch, 1962) and that the optimal
atmosphere for banana storage is 1–2% O2 and 7% CO2 (Thompson,
1998).
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Under MAP, addition of calcium chloride to the yeast suspen-
sion appears essential to crown rot biocontrol. Although the antag-
onistic yeast adapts well to the changes in respiratory gas levels
inside the banavacs, the protection level afforded by MAP and
BCA together was no higher than that afforded by MAP alone. Yet
under MAP, the addition of calcium chloride to the BCA suspension
was found to reinforce the biocontrol activity in a synergistic man-
ner. This suggests that a factor or factors other than nutrient com-
petition may be involved in biocontrol activity. It would be
interesting to compare the population dynamics of this BCA under
MAP in the presence and absence of calcium chloride, relating the
observed dynamics to the protective activity of the yeast. It seems
probable, in particular, that the adjuvant might enhance the colo-
nization of the crown surface in the first 3 days after the posthar-
vest treatment.

The development of cost-effective biofungicides against post-
harvest diseases will require studying how BCA concentration
and the presence of an adjuvant affect the biocontrol level. In the
present study, biocontrol of crown rot by C. oleophila strain O
was most effective when the BCA was applied with calcium chlo-
ride at 4 g biomass/3 l and the bananas were stored under MAP.
Although a typical dose–response relationship was observed when
the BCA dose was increased from 1 g biomass/3 l (the recom-
mended dose) to 4 g biomass/3 l, the magnitude of the resulting
PL increase cannot justify the additional cost inputs necessary to
implement the treatment. Furthermore, application of 1 g bio-
mass/3 l with added calcium chloride afforded a better protective
level than application of 4 g/3 l with no adjuvant (53% vs. 42%).
An additional benefit of calcium chloride in yeast suspensions
was the induction of a faster dose–response effect. When calcium
chloride was added, a significant enhancement of the biocontrol
activity was observed already at twice the recommended yeast
dose, as opposed to 4 times the recommended dose in the absence
of calcium chloride. Calcium chloride thus has potential in the
framework of developing a cost-effective biofungicide for crown
rot control, as an adjuvant to be included in the formulation of C.
oleophila strain O. Similar control of decay by combining several
strains of Candida sp. with 1% or 2% calcium chloride has been ob-
served in apple challenged with B. cinerea (McLaughlin et al.,
1990).

Although all treatments in which the BCA was used significantly
reduced crown rot of banana, their efficacy in reducing crown rot
of banana was variable. Indeed the protection levels achieved by
the biomass suspension were 27% and 30% in the two-first assays
of experiment 3.2 and only 22% in the third assay under the same
experimental conditions. Moreover, for the combined BCA and cal-
cium chloride treatment, and for the integrated treatment of BCA
with calcium chloride and MAP, the protection levels in all exper-
iments ranged, respectively, from 29% to 46% and from 38% to 60%.
Discrepancies in the efficacy of BCA under controlled environments
have been widely observed (Elson et al., 1997; Lima et al., 1999;
Guetsky et al., 2001 and Lassois et al., 2008) and may have several
causes. Previous report (Lassois et al., 2008) indicates that the effi-
cacy of C. oleophila strain O against crown rot is highly dependent
on the level of disease incidence. In this study, the differences ob-
served in the INS of the untreated control inoculated with C. musae
(from 104 to 525 mm2) offer an explanation for the variability of
disease suppression achieved by the BCA. The magnitude of disease
suppression may also be influenced by various biological factors,
including the existence of a refuge on the fruit surface that may
protect some of the pathogen propagules from the influence of
the biocontrol agent, and the degree to which the spatial distribu-
tions of the pathogen and the BCA readily coincide (Johnson, 1994).
Finally, since the activity of most BCA seems to be highly respon-
sive to environmental factors, relatively small changes in the envi-
ronmental parameter settings used during banana storage may
influence the biocontrol efficacy of C. oleophila strain O observed
in our study. Indeed, previous report (Hannusch and Boland,
1996) showed that changes of 4 �C or 5% relative humidity of the
storage atmosphere of beans produced dramatic changes in white
mold suppression by various BCAs (from 25% to 100%).

In the present work no alternative method, even application of
the BCA and calcium chloride combined with storage under MAP,
was ever as effective as synthetic fungicides. Nevertheless, one
should take into account the severe disease conditions encoun-
tered in this study: the INS observed on the untreated controls ran-
ged from 260 and 350 mm2. Under such conditions previous
results have shown, for the same yeast used at higher concentra-
tion (108 cfu/ml) against an artificially inoculated fungal complex,
a protection level ranging between 20% and 30% (Lassois et al,
2008). Thus, the 49–53% PL achieved here with a 10-fold lower
concentration of BCA combined with calcium chloride and MAP
represents a considerable improvement. Furthermore, the crowns
in this study were inoculated with 50 ll of a suspension containing
104 C. musae conidia per milliliter C. musae suspension, a very
selective test since C. musae is considered as the most pathogenic
fungus of the crown rot complex (Greene and Goos, 1963; Lukezic
et al., 1967; Shillingford, 1976; Finlay and Brown, 1993). The inoc-
ulation of C. musae alone in this study created more severe inocu-
lation conditions than inoculation of a fungal complex, as
demonstrated by Lassois et al. (2008), because of the natural antag-
onism existing among the different pathogens of the complex
causing crown rot of banana. Consequently, the consistency of
the results obtained with C. oleophila strain O combined with cal-
cium chloride and MAP under conditions highly conducive to the
development of crown rot indicates that this integrated biological
control strategy has great potential as a means of control of crown
rot of banana under conditions of natural contamination. Addi-
tional studies are needed to compare this strategy with the use
of postharvest fungicides under conditions of natural contamina-
tion and throughout the export process, including the industrial
ripening stage.

Practically speaking, an integrated approach including the use
of yeast antagonist, calcium chloride and MAP seems to be imple-
mentable on a commercial scale. Calcium chloride and modified
atmosphere packaging are readily available on the market. The
antagonistic yeast C. oleophila strain O can be mass-produced by
a rapid, efficient, inexpensive fermentation procedure. Further-
more, biological control of crown rot seems to be easy to integrate
into packing sheds, where the fungicide treatments applied to
crowns could be replaced with antagonist suspension to be applied
to freshly cut crowns with the standard equipment of the producer.
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