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ABSTRACT 
Economical losses due to postharvest decays are very important worldwide, and fungicides are the primary means to control these losses. 
Public concern in food safety and the increase of pathogen resistant population has enhanced the interest in developing alternatives 
fungicides to control postharvest fruit diseases. The research in biological control using antagonistic microorganisms has been developed 
as an important food safety alternative. Biocontrol of postharvest products has the advantage to be in a controlled environment which can 
be manipulated to favor the biocontrol agent. Actually there are already in the market three biofungides to control postharvest diseases of 
fruits, including citrus fruit. It is likely that several more products will enter the market in the near future, as the result of the biological 
control research programs worldwide. The development of a biocontrol system requires several steps in order to isolate, test and select a 
potential biocontrol agent. Bioassays at a pilot and commercial scale must be addressed; the antagonistic mechanism of the 
microorganism has to be understood. For commercial application, biocontrol agent has to be produced and formulated at an industrial 
scale, maintaining its biocontrol activity. This paper presents an overview of postharvest biological control approaches especially of citrus 
fruit and explores new possibilities of research to improve biocontrol activity. 
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INTRODUCTION 
 
Postharvest losses of fruits and vegetables reach very high 
values depending on species, harvest methods, storage, 
transportation, etc., representing more than 25% of the total 
production in industrialized countries (Harvey 1978) and 
more than 50% in developing countries where postharvest 
handling and storage conditions are not optimal (Eckert and 
Ogawa 1985). Much of these losses are due to the attack of 
several fungi and bacteria pathogens because of the high 
amount of nutrients and water content and as after harvest 
fruits and vegetables have lost most of the intrinsic resis-
tance that protects them while they are attach to the plant 
(Droby et al. 1992). Because of the low pH of citrus fruits 
the majority of the decays are caused by pathogenic fungi. 
In contrast to pathogens that attack in the field, most of the 

postharvest pathogens are incapable of penetration directly 
through the cuticle, requiring a wound to their penetration. 
Generally these wounds are made during harvest, transport, 
packinghouses operations and storage process (Barkai-
Goland 2001). 

Penicillium digitatum Sacc. causing green mould and 
Penicillium italicum Wehmer causing blue mould are wound 
pathogens, and the most common and devastating posthar-
vest pathogens of citrus growing countries. They can infect 
the fruit in the field, in the packinghouse, in transportation 
and in the market. Both pathogens are specific of all citrus 
varieties, however P. digitatum is more widespread and the 
most economically important in Mediterranean countries, 
California and all production areas with low summer rain-
fall (Eckert and Eaks 1989). In other areas such as China, 
the largest world producer of citrus fruit, P. italicum can 
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cause losses of 30-50% (Long et al. 2005). 
Conidia of both fungi are present during the season in 

the atmosphere of citrus growing areas, particularly in 
packinghouses, in their equipment and in their surroundings 
(Barkai-Goland 2001). The fungus reproduces very rapidly 
and if there are inappropriate packinghouses sanitation mea-
sures, the inocula level in packinghouses may gradually in-
crease during the season (Palou et al. 2001a). 

Another important postharvest disease of citrus fruit is 
the sour rot caused by Geotrichum candidum Link. This 
disease is less important than the others, but it should not be 
underestimated because initial infections are easily over-
grown by other moulds (Smoot et al. 1983). The incidence 
of fruit decay caused by G. candidum increases after pro-
longed wet seasons (Smoot et al. 1983) and when harves-
ting occurs after abundant rainfall (Tuset 1987). Sour rot is 
primarily disease in storage and in transit and it was repor-
ted most often on lemons (Citrus limon (L.) Burm.f), limes 
(Citrus aurantifolia (Christm.) Swing) and grapefruits (Cit-
rus paradise Macf.), which are often stored for long periods 
(Barkai-Goland 2001). Other important postharvest diseases 
that can occur in citrus fruit are Stem-end rots caused by 
Phomopsis citri Fawcet or Alternaria citri Ell & Pierce, 
brown rot caused by Phytophthora spp. and anthracnose 
caused by Colletotrichum gloeosporioides (Penz.) Sacc. 
They are, in general, infections of immature fruit in prehar-
vest but are manifested only after harvest. 

Postharvest losses can be reduced by preventing the 
development of the infections. Careful handling throughout 
the process of harvest, transportation and packinghouse 
management can minimize mechanical injuries; sanitation 
procedures in field, including the removal of fallen fruits 
have also a significant impact on fruit decay. Packinghouse 
sanitation is one of the most important control practices as-
sociated with citrus fruit handling, providing the reduction 
of inocula of P. digitatum, P. italicum, G. candidum and 
Phytophthora spp. (Brown and Miller 1999). Maintaining 
natural fruit resistance by harvesting with adequate maturity, 
using hormones, cold storage to delay senescence also helps 
in preventing fruit decays (Shweleft 1986). 

Nevertheless, the use of these beneficial practices are 
not sufficient to avoid the infection on fruits, so the primary 
means to control all these diseases are the use of posthar-
vest synthetic fungicides (Eckert 1990). However the repea-
ted and continue use of fungicides has led to the develop-
ment of resistant strains of P. digitatum and P. italicum 
(Holmes and Eckert 1999; Kinay et al. 2007). Penicillium 
spp. has the ability to produce large numbers of airborne 
spores, so can rapidly produce some resistant spores. Nor-
mally these resistance spores constitute a minor component 
of the population without any ecological advantage, how-
ever once population is subjected to selection pressure by 
continuous application of a selective fungicide, such ima-
zalil or tiabendazol, the fungicide resistant mutate are able 

Table 1 Biological control agents of postharvest citrus fruit. 
Biocontrol agent Pathogen References 
Bacteria 

Bacillus pumilus Penicillium digitatum Huang et al. 2004 

Bacillus subtilis Penicillium digitatum Gutter and Littauer 1953; Shing and Deverall 1984; Obagwu and Korsten 
2003a; Leelasuphakul et al. 2008 

Pantoea agglomerans Penicillium digitatum 
Penicillium italicum 

Viñas et al. 1999; Teixidó et al. 2001; Manso et al. 2004, 2006; Torres et 
al. 2007; Nunes et al. 2008 

Pseudomonas cepacia Penicillium digitatum Smilanick and Denis-Arrue 1992; Huang 2000; El-Ghaouth et al. 2002 

Pseudomonas glathei Penicillium digitatum Huang et al. 1995 

Pseudomonas syringae 
Bio-save®10 LP 

Penicillium digitatum 
Penicillium italicum 
Geotrichum candidum 

Bull et al. 1998  

Serratia plymuthica Penicillium digitatum 
Penicillium italicum 

Meziane et al. 2006 

Fungi   

Candida famata Penicillium digitatum Arras 1996 

Candida oleophila 
Aspire™ 

Penicillium digitatum 
Penicillium italicum 

Droby et al. 1998; Bar-Shimon et al. 2004 

Candida saitoana Penicillium digitatum El-Ghaouth et al. 2000a, 2000b 

Cryptococcus laurentii Penicillium italicum Zhang et al. 2005 

Kloeckera apiculata Penicillium italicum Long et al. 2005 

Metschnikowia fructicola 
Shemer® 

Penicillium digitatum 
Penicillium italicum 

Droby 2006 

Metschnikowia pulcherrima Penicillium digitatum Kinay and Yildz 2008 

Muscodor albus Penicillium digitatum 
Geotrichum candidum 

Mercier and Smilanick 2005 

Pichia anomala Penicillium digitatum 
Penicillium italicum 

Lahlali et al. 2004 

Pichia guillermondii 
(ex Debaryomyces hansenii) 

Penicillium digitatum 
Penicillium italicum 
Geotrichum candidum 

Droby et al. 1989, 1993; Chalutz and Wilson 1990; Arras et al. 1998; 
Kinay and Yildz 2008 

Rhodotorula glutinis Penicillium digitatum Zheng et al. 2005 
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to proliferate free of competition (Brown and Miller 1999). 
In addition the growing concern for human safety and pro-
tection of the environment, the increase interested in sus-
tainable agriculture, integrated crop management and orga-
nic production have resulted in the need to developing other 
methods to control postharvest decays. Biological control 
using microbial antagonist has been considered a desirable 
alternative to synthetic fungicides for the protection of 
fruits. 

During the last 25 years several research programs have 
been developed all over the world, and numerous biological 
control agents have been investigated against different post-
harvest diseases of fruits (Table 1) (Janisiewicz and Roit-
man 1988; Chalutz and Wilson 1990; McLaughlin et al. 
1992; Janisiewicz and Jeffers 1997; Viñas et al. 1998; Fan 
et al. 2000; Zahavi et al. 2000; Nunes et al. 2001a; Teixidó 
et al. 2001; Adikaram et al. 2002; Zheng et al. 2005; Bleve 
et al. 2006; Govender and Korsten 2006; Nunes et al. 
2007a). Some of them have been patented and tested on 
large scale commercial conditions (Janisiewicz and Jeffers 
1997; Droby et al. 1998; Viñas et al. 1999; El-Ghaouth et al. 
2000a; Usall et al. 2001; Arras et al. 2002; Torres et al. 
2007). Despite of this only a few commercial products are 
available. 

The purpose of this article is to review significant re-
search work in biological control of postharvest diseases of 
citrus fruit. 
 
BIOLOGICAL CONTROL IN POSTHARVEST 
 
Postharvest environment represents a particular advantage 
to develop biological control when compared with field 
environment. Injuries made during harvest and transport to 
packinghouse can be protected from wound pathogens with 
only a single application of the biocontrol product directly 
to infection site (harvested fruit), using the existing facili-
ties (drenchers, on-line sprayers, on-line dips) (Janisiewicz 
and Korsten 2002). During storage period fruits are kept in 
a constant physical environment, which can be controlled to 
favor the antagonist growth. In addition, the fact that almost 
every fruits, including citrus are washed before postharvest 
treatments, make that the antagonists encounter minimal 
competition from other microorganisms and from other 
interfering factors such as dust particles. The high value of 
the commodities in postharvest makes the application of a 
biocontrol fungicide more justified than in the field. And, 
for some commodities, such as citrus fruit, protection from 
postharvest diseases is needed for a short period time (Wis-
niewski and Wilson 1992). Although the postharvest envi-
ronment presents an uniqueness biocontrol system, Chalutz 
and Droby (1997) suggest that specific difficulties should 
be taken in account: the required high level of disease con-
trol (95-98%) in postharvest, food safety requirements with 
the application of live microorganisms in food and the rela-
tively small potential market for the use of postharvest bio-
fungicides. 

Before becoming an economically feasible a biocontrol 
agent of postharvest disease has to satisfy different require-
ments. The first one is that any potential antagonist must 
have the ability to rapid colonize and be persistent in the 
wound site and still be metabolic active at storage tempera-
tures (Janisiewicz and Korsten 2002). Wisniewski and Wil-
son (1992) indicated that the ideal antagonist for the post-
harvest environment should be: genetically stable, effective 
at low concentrations against a wide range of pathogens and 
commodities, able to survive under adverse environmental 
conditions, simple and inexpensive nutritional requirements, 
inexpensive to produce and formulate with long shelf life, 
easy to dispense, compatible with handling and storage 
practices and resistant to pesticides, non pathogenic for the 
human health and host commodity. Concerning with these 
characteristics several interests have been driven to yeasts. 
Yeast can colonize a surface for long periods under dry con-
ditions, produce extracellular polysaccharides that enhance 
their survival and restrict wound colonization and flow ger-

mination of fungi, rapidly use the available nutrients and be 
minimally impact by pesticides (Janisiewicz 1988). Despite 
this, several bacteria have been shown to have also a great 
potential as biocontrol agents. Bacteria have the ability to 
grow in substrates with very low amino acid and carbohyd-
rates contents, but also produce potent antibiotics. Special 
attention should be given to their use in postharvest, in a 
way that their antagonistic activity will not be due to an 
antibiotic production. 
 
SELECTION OF A POSTHARVEST BIOCONTROL 
AGENT 
 
The development of a biological control agent requires 
several steps. The first one is the isolation, test efficacy, 
identification and selection. Screening for antagonists has 
been practiced in almost all research laboratories dealing 
with biocontrol. Different strategies have been used; how-
ever most of the research has been focused in isolating 
naturally occurring microorganisms from fruit just before 
harvest or during storage (Janisiewicz 1988, 1997; Viñas et 
al. 1998; Jijakli et al. 1999; Nunes et al. 2001a, 2007a). In 
fact the fructoplane has provided the most abundant and de-
sirable source of antagonists against postharvest fruit dis-
eases (Janisiewicz and Korsten 2002). However microorga-
nisms with antagonist capacity of fruit pathogens have been 
isolated from soil and leaves (Jijakli et al. 1999). Bacillus 
subtilis strains isolated from soil showed high antagonistic 
activity against P. digitatum (Leelasuphakul et al. 2008). 

As we reported several strategies have been used, but 
since the antagonists are applied to consumable products, 
they need to have strict requirements including non pro-
duction of toxic metabolites. For that reason researchers 
often evaluate the efficacy of microorganisms on wounded 
fruits instead of on in vitro studies. Although the direct 
screening on fruit is very laborious it was the most efficient 
methodology to obtain antagonistic microorganisms of 
wound postharvest pathogens (Janisiewicz 1997). In vitro 
assays normally select microorganism with the ability to 
produce antifungal metabolites and discard potential non-
antibiotic-producing antagonists (Andrews 1985). After 
selection a potential antagonist the next step is the secon-
dary screening to determine the minimum effective concen-
tration. In general only 2-5% of all the isolates are selected 
in secondary screening. Palau et al. (2002) test in mandarins 
(Citrus reticulate Blanco) and oranges (Citrus sinensis (L.) 
Osb.) the activity of 212 bacteria and yeasts against P. digi-
tatum and only 3 (1.4%) inhibited the decay by 50% or 
more. In other study conducted by our research group, from 
800 microorganisms isolated from the surface of leaves and 
fruits of oranges only 4 (0.5%) show potential as a biocon-
trol agent against green mould in oranges (Manso et al. 
2004). 

To develop a promising biological control system the 
screening program should simulate natural wounding and 
inoculation, and the inoculum should be applied in the pro-
per time. We already state that in citrus, wounds are inflec-
ted and inoculated during harvest and handling in packing-
house, so in contrast to other crops, like pome fruits, in 
experimental assays the application of the antagonist should 
be done after pathogen inoculation. This fact implicate that 
the biocontrol agent has to be able to eradicate infection and 
protect wounds. Different times of effectiveness were 
observed with different antagonists. The biocontrol agent 
Pseudomonas cepacia was effective in controlling green 
mould in lemons if applied within 12 h after inoculation 
(Smilanick and Denis-Arrue 1992), while the yeast Pichia 
guillermondii (originally described as Debaryomyces han-
senii, McLaughlin et al. 1990) was effective against green 
and blue mould and sour rot in lemon and grapefruits if 
applied after 3 h of pathogen inoculation (Chalutz and Wil-
son 1990). This particularity of citrus makes the biological 
control less attractive and effectiveness in this crop than the 
others, where wounds are infected in packinghouse after 
postharvest treatment. In addition the density of the inocu-
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lums recommended for evaluation of postharvest treatments 
in citrus to control green and blue mould is 106 spores/mL 
(Eckert and Brown 1986), 100-fold more than in pome 
fruits. 

Another important factor is that the antagonists selected 
to develop at a commercial scale must be effective at rea-
sonable concentrations for commercial development (Jani-
siewicz 1997). Reported concentrations to control posthar-
vest citrus diseases varied in bacteria from 2 × 108 cfu/mL 
of Pantoea agglomerans CPA-2 (Nunes et al. 2008) to 1.9 × 
109 cfu/mL of Pseudomonas glathei (Huang et al. 1995) 
and in yeasts from 3 × 108 cfu/mL of Kloeckera apiculata 
(Long et al. 2005) to 2 × 109 cfu/mL of Pichia guillermon-
dii (Droby et al. 1997). 

The development of a biocontrol agent for postharvest 
diseases is an interactive process and is difficult to model 
all the steps involved in a flow diagram (Janisiewicz 1997), 
however we make one to better understand the process (Fig. 
1). As we already see this steps include tests reflecting con-
ditions encountered in commercial packinghouses, such dif-
ferent cultivars, compatibility with postharvest practices. 
For citrus fruit this involves studies with degreening pro-
cess, application methods such drencher, spay and dip, sto-
rage temperatures, wax, etc. These tests are conducted at a 
large or pilot scale. 

At the same time scale-up the production and the deve-
lopment of a formulated product of the biocontrol agent as 
well the enhancement of biocontrol activity should be ac-
cessed, as we will see in this review. 
 
MODE OF ACTION OF POSTHARVEST 
BIOCONTROL AGENTS 
 
The antagonistic activity of bacteria and yeast biocontrol 
agents has been demonstrated on citrus fruits, as well as on 
other fruits, at different level, including commercial ap-
plication. However the mechanisms of action of most bio-
control agents of postharvest diseases are poorly understood. 
It is generally assumed that involves a complex interaction 
between host, pathogen, antagonists and environment, com-
prising process of antibiosis, nutrient and space competition, 
induced resistance, parasitism and lytic enzymes production. 
Often more than one mechanism is implicated. 
 
Antibiosis 
 
In the case of bacteria it has been suggested that activity 
may be in part due to antibiotic production. In fact one of 
the first observations of a potential microbial control of 
postharvest diseases of citrus fruit was reported in 1953 by 

Gutter and Littauer, with the bacteria Bacillus subtilis. This 
microorganism has been reported as antagonistic of post-
harvest diseases of citrus fruit (Obagwu and Korsten 2003a) 
and other fruits (Sholberg et al. 1995; Fan et al. 2000; 
Korsten et al. 2007). However almost all the strains inhibit 
the pathogens by producing antibiotics (Gutter and Littauer 
1953; Singh and Deverall 1984; Leelasuphakul et al. 2008). 
Other bacterial biocontrol agent Pseudomonas syringae 
effective against Penicillium moulds in citrus fruit produces 
the antibiotic syringomycin E (Bull et al. 1998) and Pseu-
domomas cepacia and Serratia plymuthica produce pyrrol-
nitrin (Smilanick and Denis-Arrue 1992; Meziane et al. 
2006). This leads us to the debate if an antibiotic-producing 
microorganism should be used in postharvest phase, due to 
the concern of introducing an antibiotic into food and the 
possible development of a pathogen resistance. On the other 
hand, and especially in citrus were wound infection oc-
curred prior to biological control agent application the anti-
biotic-producing microorganisms may be particularly effec-
tive (Chalutz and Droby 1997). However for the same 
microorganisms the role of antibiotics in antagonistic acti-
vity was not full elucidated, since some pyrrolnitrin non 
production mutant maintain their antagonistic activity (El-
Ghaouth et al. 2002) and P. digitatum isolates resistant to 
pyrrolnitrin were still controlled in lemons by P. cepacia 
(Smilanick and Denis-Arrue 1992). This suggests that the 
antibiotic substances produced by these microorganisms are 
not the only means to control the pathogen, and other fac-
tors may be involved. Besides antibiotic producing these 
bacterial antagonist rapid growth and colonize the wounds, 
meaning that competition may play a major role. 
 
Competition for nutrients and/or space 
 
Competition for nutrients and space is reported has the 
major mode of action of postharvest biocontrol agents 
(Droby et al. 1989; Viñas et al. 1998; Janisiewicz et al. 
2000; Nunes et al. 2001b; Bencheqroun et al. 2007). This 
hypothesis is supported by the fact that biocontrol activity 
of an antagonist depends on their concentration in the 
wound (Janisiewicz 1997). As it was mentioned before in 
addition to other characteristics the ideal biocontrol agent 
should be grown rapidly, use low concentrations of nutri-
ents and be better adapted to the environment. So it can be 
considered if an antagonist rapidly grows by depleting the 
available nutrients in the wound, will prevent the possibility 
of the pathogen to use these nutrients to germinate and 
initiate the infection process. Thus, it was observed that 
oranges treated with the bacteria Pantoea agglomerans 
(CPA-2) and maintained during 24 h at 20°C before cold 
storage, the population of P. agglomerans (CPA-2) increased 
more than 10-fold (Nunes et al. 2008), and achieved better 
decay control when compared with fruits immediately 
stored at cold temperature (unpublished data), suggesting 
that this time is necessary to this biocontrol agent colonize 
the fruit surface. In fact, other work showed that if fruits 
were stored at cold temperature immediately after P. ag-
glomerans treatment, during the first 3 days the population 
decreased, and the increased of 10-fold was only observed 
after 7 days of cold storage (Teixidó et al. 2001). It was also 
observed a rapid growth of the yeast Pichia guillermondii 
on grapefruit what allow it to colonize the wound in 24 h, 
while P. digitatum spores are still in their initial stages of 
germination (Droby et al. 1992). In most reports on biolo-
gical control of postharvest diseases a quantitative relation-
ship has been demonstrate between the antagonist concen-
tration in the wound and the efficacy of the biocontrol agent 
(Teixidó et al. 2001; Nunes et al. 2002a). On oranges the 
antagonistic activity of several biocontrol agents increases 
by increasing their concentration and decreasing the patho-
gen inocula (El-Ghaouth et al. 2002). 
 
 
 
 

 
Fig. 1 Flow diagram of development of a postharvest biocontrol agent.
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Parasitism and lytic enzyms production 
 
In postharvest very little information is available on bio-
control agents that directly parasitize pathogens. However 
Arras et al. (1998) observed the attachment of P. guiller-
mondii to the mycelium of P. digitatum and subsequent 
changes in hyphae indicating that hyperparasitism is also 
involved in antagonistic activity of this yeast. It is possible 
that the attachment facilitates a more efficient depletion of 
nutrients from the area subjacent to the mycelium or serves 
as a mechanical barrier to nutrient uptake by the fungi 
(Droby et al. 1992). Moreover, P. guillermondii shows a 
high activity of the enzyme �-1,3-glucanase that could 
result in the degradation of the fungal cell walls (Jijakli and 
Lepoivre 1998). Scanning electron microscope observations 
of P. digitatum and Candida famata (F35), a biocontrol 
agent of green mould, in wounds sites revealed numerous 
yeast cells strongly attached to the hyphae, exhibiting lyctic 
activity and rapid alterations of hyphal tissue (Arras 1996). 

Candida oleophila, is the base of the commercial pro-
duct Aspire™ for control postharvest disease of citrus and 
pome fruits. Competition for nutrients and space is believed 
to be the major mode of action. However, the involvement 
of fungal cell wall-degrading enzymes, such exo-�-1,3-glu-
canase, chitinase and proteases is also suggested to play a 
role in it mechanism of action (Bar-Shimon et al. 2004). In 
this study it was observed that the production of these en-
zymes was stimulated by the presence of cell wall frag-
ments of P. digitatum in the growth medium, in addition to 
glucose. It was also provided evidence for the role of exo-�-
1,3-glucanase (CoEXG1) in biocontrol activity of C. oleo-
phila by testing CoEXG1-knockouts and double-CoEXG1 
over-production transformants. 
 
Induce resistance in fruits 
 
The resistance of fruits to pathogens is mainly due to phy-
sical and chemical barriers as a response to biotic or abiotic 
stress and the microflora present on the fruit (Arras 1996). 
Induced defense reactions can be restricted to tissue close to 
the site of the stimulus or can be expressed systematically 
throughout the tissue. Fruits use a wide range of physical 
and biochemical strategies to defend themselves from attack 
by pathogenic microorganisms. Defense response of the 
fruits include production of inhibitors of cell wall-degrading 
enzymes of the pathogen, the activity of antifungal com-
pounds, such phenolic compounds and phytolaexins, active 
oxygen species, and reinforcement of the cell wall of the 
host. 

Several antagonists have been reported to induce speci-
fic host response in fruits. P. guillermondii has been shown 
to stimulate the production of ethylene in grapefruit (Wis-
niewski et al. 1991). Ethylene actives the phenylalaninam-
monium-lyase (PAL) an enzyme involved in the synthesis 
of phenols, phytoalexins and lignins. C. famata (F35) was 
also found in oranges to stimulate the production of the 
phytoalexins, scoparone and scopoletin in the wound site 
(Arras 1996). These phytoalexins are known to inhibit spore 
germination of P. digitatum, however are dependent of con-
centration. The biosynthesis of scoparone and scopoletin is 
related with factors such as citrus fruit species, size of the 
wound, antagonists species, concentration and time of ino-
culation (Arras 1996). Scoparone production was 890 μg/g 
fresh peel in Oroblanco grapefruit and only 260 μg/g fresh 
peel in Valencia oranges, five days after inoculation of P. 
guillermondii (Rodov et al. 1994). C. oleophila was found 
to induce resistance to P. digitatum when applied in the 
surface of both wounded and unwounded grapefruit (Droby 
et al. 2002). However, the responses were higher in woun-
ded fruit and decrease when the distance to wound site in-
crease. The induced responses reported in that work was the 
increase of ethylene production, PAL activity, phytoalexin 
biosynthesis and accumulation of chitinase and �-1,3-gluca-
nase. 
 

Volatile compounds 
 
Biofumigation refers the use of antimicrobial volatiles pro-
duced by biocontrol microorganisms (Strobel et al. 2001; 
Mercier and Jiménez 2004), and has been introduced as a 
better alternative because there is no contact with the food 
(Schotsmans et al. 2008). Moreover the application of post-
harvest biofumigation will be advantageous since less mani-
pulation of the commodities would be involved. 

A good candidate for biocontrol by biofumigation Mus-
codor albus, an endophytic fungus isolated from a cin-
namon tree in Honduras (Strobel et al. 2001). This fungus 
inhibit or kill a broad range of bacteria and fungi through 
the production of a mixture of volatile organic compounds 
(Strobel et al. 2001; Ezra et al. 2004; Mercier and Jiménez 
2004; Schotsmans et al. 2008). 

Several reports have shown the effect of biofumigation 
with M. albus in controlling postharvest diseases of fruit 
(Mercier and Jiménez 2004; Mercier and Smilanick 2005; 
Mercier et al. 2005; Gabler et al. 2006; Schnabel and Mer-
cier 2006). Mercier and Smilanick (2005) related the capa-
bility of M. albus control green and sour rot of lemon by 
biofumigation. The control of green mould was also higher 
when combined with the degreening process. In this study, 
in vitro growth of P. digitatum and Geotrichum citri-auran-
tii was completely inhibited by exposure of volatiles of M. 
albus during 3 days. And when the spores were transferred 
to fresh medium all spores exposed to volatiles were con-
firmed dead. The most abundant volatiles produced by M. 
albus are 2-methyl-1-butanol, isobutyric acid, ethyl propio-
nate and phenethyl alcohol (Mercier and Jiménez 2004). 
However other studies indicate that the composition of the 
medium used to support the growth of M. albus greatly in-
fluences the quality and effectiveness of the volatiles emit-
ted by this organism (Ezra and Strobel 2003). Schotsmans 
et al. (2008) also demonstrate that the efficacy of this anta-
gonist was temperature dependent, reducing effectiveness at 
low temperature. The mode of action of M. albus is little 
know, but the antibiotic effect of the volatile organic com-
pounds is strictly related to the synergistic activity of the 
compounds in the gas phase (Strobel 2006). 

A commercial formulation developed by AgraQuest 
(Davis, California, USA) has received US Environmental 
Protection Agency and the California Department of Pesti-
cide Regulation approval and has been registered as a natu-
ral biofumigant and an alternative to methyl bromide for 
agricultural applications. Research now is focused on deter-
mining optimum production methods and formulation for 
best efficacy and cost–benefit (Anonymous 2008). 

Volatiles generated by Bacillus subtilis JA was also re-
ported to significantly inhibited both spore germination and 
elongation of germ tubes in Botrytis cinerea in vitro. The 
volatiles caused protoplasm retraction from the hyphal tips 
to the spores (Chen et al. 2008). Leelasuphakul et al. (2008) 
also reported the in vitro inhibition of P. digitatum by vola-
tiles of Bacillus spp. However, in this study the volatile or-
ganic compounds produced by Bacillus spp. growing with 
PDA medium were less inhibitory and only fungistatic 
while their water soluble compounds present in 1:32 dilu-
tions of bacterial culture fluids were more effective and fun-
gicidal. 

The biofumigation could be important to be used as in-
package fumigant, or combining with degreening of citrus 
fruit to provide protection during this process (Mercier and 
Smilanick 2005). An emerging advantage of M. albus for 
postharvest citrus protection is that it has the flexibility to 
be integrated into the various phases of degreening, cold 
storage, packing, etc. (Anonymous 2008). 

Thus, the biocontrol activity of an antagonist not only 
may be dependent on its ability to rapidly colonize the 
wound site and compete for nutrients, but may also depend 
on its ability to attach firmly to hyphae of the pathogen, 
produce cell wall degrading enzymes or volatile compounds. 
The understanding of the mode of action of the antagonists 
in relation with the etiology of the disease is essential for 
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the success of biocontrol process, this knowledge will in-
crease with further research. It is necessary to fully under-
stand the complex reactions of induced resistance and che-
mical and physical elicitors, as well the wound competence 
at the molecular level using the new tools of molecular bio-
logy. As we see, more recently, the development of mole-
cular techniques are innovative alternative tools for under-
standing and demonstrating the mechanisms of biocontrol 
systems. The identification of genes involved in biological 
property allows understanding the genetic basis of mecha-
nism of action. Gene inactivation and overexpression stu-
dies can provide information on the transcription and regu-
lation of these genes (Massart and Jijakli 2007). Understan-
ding the mode of action of postharvest biocontrol agents 
will contribute to improve the selection procedures of more 
active antagonists, for optimization their application in 
fruits, developed appropriate formulation to enhance ef-
fectiveness, and facilitate the registration for commercial 
use (Droby and Chalutz 1994). 
 
ENHANCEMENT OF BIOLOGICAL CONTROL 
 
The development occurred during the first decade studying 
postharvest biocontrol system is called the “First Genera-
tion of Biocontrol Products”, since the definition of biocon-
trol was adopted by the entomology, which involves the 
control of one organism by another. However a plant dis-
ease is not an organism, it is a process. Actually the defi-
nition adopted by plant pathologist is that the biological 
control of a disease is the “control of a plant disease by a 
biological process or the product of a biological process” 
(Wisniewski et al. 2007). From this definition new ap-
proaches in developing biocontrol systems in order to over-
come the existing limitations and a new concept have been 
used to develop the second generation of postharvest bio-
control agents. 

The main approaches to improve and developed new 
biocontrol systems are: (i) antagonistic mixture; (ii) mani-
pulation of nutritional environment; (iii) pre-harvest ap-
plication; (iv) manipulation of antagonists; (v) production 
and formulation, and (vi) integration with other methods. 
These approaches are expected to overcome the problems 
of the first generation biocontrol agents such as a narrow 
range of activity either of fruits or/and diseases, under parti-
cular environmental conditions, to promote high and cons-
tant efficacy and make possible the control of previously 
established and latent infection. 
 
Antagonistic mixture 
 
The use of antagonists in mixtures could improve the spec-
trum of activity and reduced the cost of treatments by 
allowing the concentration of antagonists to be reduced 
(Nunes et al. 2002b). The antagonist action will result not 
from an activity of one species but from the action of a 
community of microorganisms that suppress disease 
through different mechanisms of action (Janisiewicz and 
Korsten 2002). There are no reports in using a combination 
of antagonists in citrus fruit, however in other biocontrol 
systems successful has been achieved (Janisiewicz 1988; 
Janisiewicz and Bors 1995; Janisiewicz 1996; Guetsky et al. 
2001, 2002; Nunes et al. 2002b, 2005). One strategy to 
select the antagonist for mixtures proposed by Janisiewicz 
(1997) is based in a microbial succession at the wound site. 
It was proposed that after depletion of the nutrients by one 
microorganism, another originally less competitive may 
take over colonization of the wound, further depleting the 
remaining nutrients for the pathogen. However, better 
understanding of microbial ecology in wound site is neces-
sary to take advantage of this microbial competitive ap-
proach. 
 
 
 
 

Manipulation of nutritional environment 
 
Besides effectiveness the cost is one of the most important 
factors that will determine the feasibility of any biocontrol 
system. As it was reported higher concentration of the anta-
gonist must be applied to achieve more effective control, 
but increasing the microorganism population makes biocon-
trol less economical. Nutritional amendments may result in 
a stimulation of antagonist growth and better colonization 
of wound site. The nutrients should be chosen preferably by 
being metabolized by the antagonist and not by the patho-
gen (Janisiewicz 1997). The application of sugar analog, 2-
deoxy-D-glucose at 0.2%, showed to improve Candida sai-
tona biocontrol activity of green mould in lemon and oran-
ges to levels similar to imazalil (El-Ghaouth et al. 2000b). 
This sugar analog, molecule is known to have a fungicidal 
effect however the enhancement appears to be due a syner-
gy between C. saitona and 2-deoxy-D-glucose. Similar pro-
tective effects were reported with other biocontrol agents on 
pome fruits (Janisiewicz 1994; El-Ghaouth et al. 2000b; 
Nunes et al. 2001b). The addition of nitrogenous com-
pounds was also reported to enhanced biocontrol activity of 
the Pantoea agglomerans CPA-2 in controlling green mould 
in oranges and mandarins (Nunes et al. unpublished). 

Nutritional composition can also influence the produc-
tion of metabolites, such cell wall-degrading enzymes (Wis-
niewski et al. 1991). More studies of the effects of nutrients 
in the antagonist and in the pathogens are necessary to im-
prove biocontrol system by manipulating the nutritional en-
vironment. 
 
Pre-harvest application 
 
Pre-harvest application can enhance the biocontrol system 
because will allow the antagonist to have longer interact 
with the pathogen, to colonise tissues before the arrival of 
pathogen, such as latent infection and incipient infections 
occurring through wounds resulting from harvesting period 
(Ippolito and Nigro 2000). In citrus this is import since of-
ten infections occur prior to harvest. Droby et al. (1993) 
suggested the possibility of reducing postharvest decay in 
citrus by pre-harvest application of Pichia guillermondii. 

However, successful of pre-harvest application are de-
pendent of the tolerance to environmental stress such as, 
dry conditions, direct UV irradiation, high temperatures, 
low nutrient availability, rapid climatic changes, etc. Very 
few reports indicate the possibility of a microorganism ac-
complished these characteristics without cells manipulation 
or adaptation. In the sub-heading of formulations we will 
discuss the improvement tolerance of the antagonists to 
field conditions. 
 
Manipulation of antagonists 
 
Genetic manipulation of a postharvest biocontrol agent is a 
very new field. Current efforts are focused on developing 
efficient and rapid procedures for tracking antagonists than 
for enhancing biocontrol (Schena et al. 2000; Janisiewicz 
and Korsten 2002; Schena et al. 2002; Massart et al. 2005; 
Nunes et al. 2008). However genes responsible for biocon-
trol activity or for increasing the ecological competence 
could be introduced in antagonists microbial. For example 
insertion of genes or over-expression of endogenous genes 
responsible for antifungal activity, such as cell wall degra-
ding enzymes or, insertion of genes for better utilization of 
available nutrients could be effective in enhance biocontrol 
activity. More recently few attempts were made in trans-
formed antagonists to enhance biocontrol activity. However 
in vivo assays showed no differences between wild-type and 
transformer antagonists (Nigro et al. 1999; Bar-Shimon et 
al. 2004). 
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Formulation 
 
Production and formulation processes can affect many as-
pects of biocontrol activity, shelf-life, and safety and may 
enhance or diminish control. The efficacy of most posthar-
vest biocontrol agents is directly related to the number of 
viable cells, so if the formulate product allows the applica-
tion of a high number of viable and effectiveness cells of 
the antagonists we are already improving biocontrol. There 
are several reports on enhancing viability, efficacy and 
shelf-life of the formulated cells when compared with fresh 
cells of the biocontrol agent. Postharvest biocontrol agents 
has been formulated into a refrigerated liquid (Abadias et al. 
2003), a solid formulation using freeze-drying (Costa et al. 
2000; Abadias et al. 2001), spray drying (Costa et al. 2002; 
Abadias et al. 2005), or fluidized bed drying (Mounir et al. 
2007), wettable refrigerated powder (Janisiewicz and Jef-
fers 1997), frozen pellets (Janisiewicz and Korsten 2002) 
and granulates (Kinay and Yildiz 2008). All these techniques 
of formulated cells had particularly effects on cells viability. 
For example for the citrus postharvest biocontrol agent 
Pantoea agglomerans CPA-2 formulated product obtained 
by spray-drying drastically reduce cell viability (Costa et al. 
2002). Another factor of dry formulation that enhanced sur-
vival is the growth, protective and rehydration media. Im-
portant and intensive research in this filed has been done 
with the biocontrol agent P. agglomerans CPA-2. Teixidó et 
al. (2005) significantly improve its tolerance to dehydration 
and to high temperatures using modified growth media with 
NaCl. This tolerance was attributing to the intracellular 
accumulation of compatible solutes glycine-betaine and 
ectoine. The osmotic-adapted cells also demonstrate better 
survival during spray drying and maintaining its biocontrol 
activity to control green mould of citrus (Teixidó et al. 
2006). Regarding to the effect of protective and rehydration 
media in freeze-drying of P. agglomerans CPA-2, the use of 
5% trehalose as a protective agent achieved the viability of 
83% whereas with 5% fructose the viability was only 35%; 
and 100% of viability was obtained using 10% of non-fat 
skim milk as a rehydrated media (Costa et al. 2000). Kinay 
and Yildiz (2008) observed that the viability and effective-
ness of several granular formulations of the citrus posthar-
vest biocontrol agents Metschnikowia pulcherrima and Pi-
chia guillermondii were dependent of the carriers and adju-
vants used in formulation. For both antagonists they ob-
served that the formulation containing talc as a carrier and 
sodium alginate (1.5%) as adjuvant had high viability, and 
if sucrose (1%) and yeast extract (1%) were added shelf life 
and efficacy were enhanced. Previously we explained that 
pre-harvest application of the antagonist could lead to an 
improvement of effectiveness. However applying and 
keeping an active microorganism in such stress environ-
ment is a limiting factor. It is known that is possible to 
adapt a microorganism to unfavorable environment by in-
duction of stress responses. Cañamas et al. (2008a, 2008b) 
maintained the survival, stability and effectiveness of P. 
agglomerans CPA-2 under field conditions by integrating 
certain formulation strategies: adding additives, ecophysio-
logical osmotic adaptation and lyophilization. 

Improvements in production and formulation with sys-
tematic and integrated approach can result in important 
progress of biocontrol systems. However more studies to 
better understand the mechanisms of induced tolerance to 
stress conditions are needed. 
 
Integration with other methods 
 
Several non-fungicidal methods to control postharvest dis-
eases in fruits have been developed for various commodi-
ties. Successful control of postharvest citrus fruit were ob-
tained using physical methods: thermotherapy treatments 
with hot air (Ben-Yehoshua et al. 1987; Plaza et al. 2003; 
Pérez et al. 2005; Nunes et al. 2007b) and hot water (Ben-
Yehoshua et al. 2000; Porat et al. 2000; Nafussi et al. 2001; 
Smilanick et al. 2003) and UV-C illumination (Wilson et al. 

1997; Arcas et al. 2000; Kinay and Yildiz 2006). Chemical 
methods such food additives or compounds classified by 
FDA (USA) as GRAS (Generally Regarded as Safe) (Lesar 
2008) like ozone (Palou et al. 2001b, 2003), sodium carbo-
nate and bicarbonate (Smilanick et al. 1997, 1999; Palou et 
al. 2001a), potassium sorbate (Salazar et al. 2008; Smila-
nick et al. 2008), ethanol (Smilanick et al. 1995), natural 
products (Arras and Usai 2001; Obagwu and Korsten 
2003b) and chitosan (Chien and Chou 2006). However none 
of these methods, including biological control, when used 
alone provided the control of diseases needed at postharvest 
phase, more than 95%. Therefore one approach to use these 
methods as an alternative to synthetic fungicides is the in-
tegration of different treatments, taking advantage of the 
additive or synergistic effects in order to overcome the per-
formance and improve the efficacy of each method. 

The biocontrol activity of Bacillus subtillis against post-
harvest diseases of ‘Valencia’ and ‘Shamouti’ oranges was 
significantly improved when was combined with sodium bi-
carbonate or hot water (Obagwu and Korsten 2003a). Com-
bining Pantoea agglomerans with sodium bicarbonate fully 
control green mould after 2 months storage at 3ºC (Teixidó 
et al. 2001). When solutions of 3% of sodium bicarbonate 
were heated at 50ºC followed by the application of fresh 
cells or formulated cells of P. agglomerans, the control of 
decay was similar or superior to imazalil (Nunes et al. 
2004; Manso et al. 2007a; Torres et al. 2007). This strategy 
combined complementary modes of action with curative 
and preventive activities, and, is effective and reliable 
enough to be implemented at a commercial scale because 
are compatible with existing facilities in several packing-
houses (Usall et al. 2008). 

Combining chitosan (0.2% of glycolchitosan) with Can-
dida saitoana improved control of green mould in different 
varieties of oranges and in ‘Eureka’ lemons, with equivalent 
control to that imazalil (El-Ghaouth et al. 2000a). 

Biocontrol agents has been also combined with low 
doses of synthetic fungicides, providing similar controlled 
to that of the same fungicide at commercial doses (Droby et 
al. 1998; Arras et al. 2002) 

Curing treatments have also been successful when were 
combined with biocontrol agents. Positive synergistic effect 
occurred with the combination of Candida famata with 
curing at 37°C during 72 h in controlling green mould in 
stored grapefruit (D’Hallewin et al. 1999). Plaza et al. 
(2004) reported the application of P. agglomerans followed 
by curing treatment at 33°C for 6 h to control established 
infections of P. digitatum on lemons either at room or cold 
storage. 

Although at less extent other physical methods have 
been combined with biocontrol. ‘Dancy’ tangerines inocu-
lated with P. italicum and exposure to UV-C dose of 1.3 
kJ/m2 for 1.75 min and treated with Pichia guillermondii 
after 48 h show completely control of decay (Stevens et al. 
1997). Similar results were obtained in ‘Navel’ oranges 
(D’Hallewin et al. 2005). 
 
DEVELOPMENT AND COMMERCIAL 
APPLICATION 
 
From an industry point of view, a biocontrol agent should 
meet certain criteria, involving studies to test the antagonist 
in different fruits and cultivars, with postharvest practices, 
such application and storage conditions. These tests have to 
be conducted at a large scale simulating or/and under com-
mercial conditions using fresh and formulated product. Pilot 
or semi-commercial test involves a large amount of fruits, 
should be carried out in packinghouses and in different 
locations with natural infections. 

At the same time scale-up the production and the deve-
lopment of a formulated product of the biocontrol agent 
maintaining the antagonist efficacy should be assessed. We 
will focus in mass production since in this review we 
already see the formulation (Fig. 1). 

The purpose of production is to produce the greatest 
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quantity of efficacious cells in short period of time. Mass 
production of biocontrol agents must be a cost-effective 
process, using as a growth medium by-products from food 
industries, will balance to supply an optimal ratio between 
nitrogen and carbon, and fermentation should be completed 
within 24 to 39 h (Hofstein and Chapple 1998). 

Costa et al. (2001) have demonstrated that Pantoea ag-
glomerans CPA-2 can be produced in different media, using 
various organic nitrogen sources such as yeast extract, dry 
beer yeast or soy powder and inexpensive carbohydrates 
such as sucrose and molasses, whilst maintaining the ef-
ficacy of the biocontrol agent, reducing decay by more than 
66% and 77% for P. digitatum and P. italicum, respectively. 
Other factors must be studied in laboratory scale to provide 
relevant information for further scale-up production. Ope-
rating conditions such aeration, agitation, pH, temperature 
may also affect the quality and quantity of the microorga-
nisms (Churchill 1982). Inoculum is another important fac-
tor to be studied; it must be healthy, active to minimize 
length of lag phase, free of contaminants and must retain its 
product-forming capabilities. 

Manso et al. (2006) reported a maximum biomass pro-
duction of P. agglomerans PBC-1 using as carbon source 5 
g/L of sucrose and the fermenter broth evidenced a behavior 
as a non-Newtonian fluid regime. High biomass producti-
vity of this biocontrol agent was also obtained using as car-
bon source by-products from carob industry (Manso et al. 
2007b), and from citrus industry (Manso et al. unpublished 
data). In these studies sugar consumption, pH, dissolved 
oxygen, KLa, respiration rate were monitored using dif-
ferent aeration and agitation, as well different spargers and 
impellers geometry for optimal bioreactor design for high-
density and active biocontrol agent cultures. 

As indicated the formulation of the product is a most 
critical aspect of the entire development program. The for-
mulation has to allow the microorganism to retain its bio-
control activity, providing a significant extension of shelf-
life of at least 6 months, preferably 18, at ambient condi-
tions, to be stored over two seasons, and allowing to be ap-
plied with the existing application equipment (Hofstein and 
Chapple 1998). In general in citrus packinghouses fungi-
cides are applied on-line spray, by drench applications and 
more recently by dipping fruits in tanks, alone or as in mix-
ture with coating waxes. The first two ones are the most 
suitable for the application of microbial agents (Droby et al. 
2001). The yeast product, Aspire™, was successfully ap-
plied onto citrus fruit using an on-line drench system 
(Droby et al. 1998). 

Registration of a biocontrol product is required before 
any commercial use as an usual safety food procedure. 
However, this step has been faced formal restrictions in 
Europe. In USA the registration processes are easier and are 
not as expensive or time consuming. In Europe, the placing 
of plant protection products on the market is regulated by 
Council Directive 91/414/EEC, which is a longer registra-
tion and more difficult process, are subject to extremely 
high registrations fees and costs for providing data (Alabou-
vette et al. 2006). This is the reason why in Europe there are 
several postharvest biocontrol agents but none of them has 
already been registered. It must be noticed that these micro-
bial agents used as biocontrol agents are not risky for 
human health and on contrary, are a safe alternative post-
harvest agent which should be implemented a short–term in 
all world markets. 

In addition the global market of biocontrol agents is dif-
ferent from pesticides. Biocontrol agents are produced by 
small companies compared to chemical where 90% of mar-
ket is in about seven multinational companies (Pertot and 
Gessler 2007). For example exploitation rights of the bio-
control agent Pantoea agglomerans CPA-2 patented in Spain 
with extension to Europe (Viñas et al. 1999) were trans-
ferred to DOMCA, SA., a small Spanish company (Immacu-
lada Viñas, pers. comm.). 

Through in this review was reported several microorga-
nisms that have been identified as a biocontrol agents 

against citrus postharvest diseases, however there are only 
three biological products available in the market for citrus. 
Aspire™ based in Candida oleophila, produced by Ecogen 
and limited to USA and Israel, Bio-save™ constituted by 
Pseudomonas syringae, produced initially by EcoScience 
and know by Jet Harvest Solutions and limited to USA, and 
Shemer™ based in Metschnikowia fructicola, produced by 
Agrogreen and limited to Israel. New products are in pro-
cess of registration. Pantovital based in Pantoea agglome-
rans are expected to be commercialized in Spain during 
2009 (Immaculada Viñas, pers. comm.). Citrigreen® consti-
tuted with Bacilus subtilis and B. licheniformis in South 
Africa (Obagwo and Korsten 2003), and a second genera-
tion products as been developed and patented such as Bio-
coat whose main components are Candida saitoana with 
chitosan or Biocure also with C. saitoana and lysozyme. 
Both products also contains other additives such sodium bi-
carbonate (Wisniewski et al. 2007). 
 
CONCLUDING REMARKS 
 
This review reports the extensive research and significant 
progress made worldwide in the last two decades in post-
harvest diseases of fruits. There are already some products 
in the market with ability to control several diseases in dif-
ferent crops, including citrus fruit. 

The search for new antagonists should be permanent as 
in chemical industry the search for new molecules are cons-
tant, as well the objective to broaden the use of biocontrol 
agents to different diseases and commodities. The posthar-
vest environment is a unique opportunity to use microorga-
nisms, but pre-harvest application may become more com-
mon in order to control latent and quiescent infections and 
improve the wound colonization. Detailed ecophysiological 
studies to understand and improve the behavior of the anta-
gonists under stress conditions, in fruit surface and with 
microbial community are necessary. Development of micro-
bial strains more adapted to field conditions is a challenging 
for the researchers. 

Studies for improving the knowledge of the mode of ac-
tion need to be more investigated, and molecular approa-
ches may prove useful in understanding and enhanced the 
biocontrol activity. It is equally important to develop formu-
lation that improve efficacy and could be delivery with the 
minimal modification of current practices. 

At the present besides registration, the use of posthar-
vest biocontrol agents are constrained by the lack of con-
sistent efficacy and the high level of control required at 
postharvest. However, the second generation of biocontrol 
agents will overcome the limitations of the first generation, 
and by employing integrated approaches using biological, 
chemical and physical methods, will probably provide con-
trol level similar to those of synthetic fungicides without 
posing any food safety to consumer. 

In the future the commercial use of these products will 
depend on the market. Worldwide organic producing are 
growing, representing a huge market, since the use of 
synthetic fungicide is not allowed. Furthermore, nowadays 
some supermarkets already demands for fruits and vegeta-
bles free of residues of postharvest products, because the 
chemical residues are more likely to be present when fruits 
will be consumed. 
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