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ABSTRACT

Mycotoxins are produced by the secondary metabolism of many fungi and can be found in almost 25% of the world’s
agricultural commodities. These compounds are toxic to humans, animals, and plants and therefore, efforts should be made to avoid
mycotoxin contamination in food and feed. Besides, up to 25% of all harvested fruits and vegetables are lost due to storage molds and/
or mycotoxin contamination and many methods have been applied to mitigate these issues, but most of them rely on the use of
fungicides. Although chemicals are often the first defensive line against mycotoxigenic fungi, the indiscriminate use of fungicides are
awakening the public perception due to their noxious effects on the environment and human/animal health. Thus, there is an increasing
public pressure for a safer and eco-friendly alternative to control these organisms. In this background, biological control using
microbial antagonists such as bacteria, fungi and yeasts have been shown to be a feasible substitute to reduce the use of chemical
compounds. Despite of the positive findings using the biocontrol agents only a few products have been registered and are commercially
available to control mycotoxin-producing fungi. This review brings about the up-to-date biological control strategies to prevent or
reduce harvested commodity damages caused by storage fungi and the contamination of food and feed by mycotoxins.

Index terms: Biocontrol, microbial antagonists, postharvest decay, food safety.

RESUMO

As micotoxinas sdo produzidas pelo metabolismo secundario de varias espécies de fungos e podem ser encontradas em quase
25% das commodities agricolas. Esses compostos sdo toxicos a humanos, animais e plantas e, portanto, esfor¢os para evitar a
contaminagdo de micotoxinas em alimentos e ragdes devem ser feitos. Além disso, até 25% das frutas e legumes em pos-colheita sdo
perdidos em decorréncia do ataque de fungos de armazenamento e/ou contaminagdes por micotoxinas. Varios métodos tém sido
aplicados para mitigar os problemas de micotoxinas, mas a maioria deles se baseia no uso de fungicidas. Embora os produtos quimicos
sejam, muitas vezes, a primeira estratégia de defesa contra fungos micotoxigénicos, o uso indiscriminado de fungicidas vem despertando
a percepcdo publica, em razdo de seus efeitos nocivos sobre 0 meio ambiente e a saide humana/animal. Assim, existe uma crescente
pressao publica em busca de alternativas mais segura e ndo nocivas ao meio ambiente para controlar estes organismos. Nesse contexto,
o controle hioldgico utilizando antagonistas microbianos, tais como bactérias, fungos e leveduras tém mostrado ser um substituto
viavel para reduzir a utilizagdo de produtos quimicos. Apesar dos resultados positivos, usando os agentes de controle hioldgico,
poucos produtos apenas foram registrados e estdo comercialmente disponiveis para controlar fungos produtores de micotoxinas. Esta
revisdo traz estratégias de controle biol6gico para evitar ou reduzir danos em commodities agricolas causadas por fungos de
armazenamento e a contaminagdo de alimentos e ragfes por micotoxinas.

Termos para indexacdo: Agentes de biocontrole, microrganismos antagonistas, perda em pés-colheita, seguranga alimentar.
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INTRODUCTION losses are often more severe due to inadequate storage

Postharvest diseases, caused by storage moulds, and transportation facilities (SHARMA; SINGH; SINGH,
account for considerable levels of postharvest losses.  2009), which often makes the environment more favorable
Conservative estimates consider that about 20-25% of the  to the storage fungal development. Furthermore, most of
harvested fruits and vegetables are lost due to postharvest  these fungi may produce dangerous metabolites, namely
diseases even in developed countries (SPADARQO; mycotoxins, often acutely toxic to humans, animals, and
GULLINO, 2004). In developing countries, postharvest  plants (LACKNER; MARTINEZ; HERTWECK, 2009;
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PROCTOR, etal., 2009; REVERBERI, et al., 2010). Some
mycotoxins are present only in the fungus whereas others
are excreted, in some cases, in foods and feeds
(FILTENBORG; FRISVAD; THRANE, 1996). Mycotoxin
contaminations can occur in the field, before or after the
harvest, and during the transfer and product storage
(CALDAS; SILVA; OLIVEIRA, 2002). Also, as these
compounds are highly resistant to physical and chemical
treatment, once mycotoxins are found in food, generally,
persist during the processing and storage (SCOTT et al.,
1992). Thus, to prevent or, at least minimize the production
losses and to obtain stored food products of high quality
for market place, strategies to control storage fungi as well
as mycotoxin productions must be done.

Although synthetic fungicides are the primary
means by which postharvest diseases is controlled
(KORSTEN, 2006; DAL BELLOetal., 2008), currently the
global trend is turned to safer and eco-friendly alternative
approaches (JANISIEWICZ; KORSTEN, 2002; MARI;
NERI; BERTOLINI, 2007; SHARMA et al., 2009). One of
these possibilities is the use of antagonistic
microorganisms to control mycotoxigenic fungi. This
method (biological control) have been applied during the
last decades (WELLER, 1988) and substantial progress in
the management of these pathogens and their mycotoxins
have also been achieved (JANISIEWICZ; KORSTEN, 2002;
SPADARO; GULLINO 2004; KORSTEN, 2006;
VELMOUROUGANE etal., 2011).

MYCOTOXINS: A SECONDARY METABOLITES
OF STORAGE FUNGI

Many of the storage fungi may produce a plenty of
natural products, often called secondary metabolites, which
include pigments, toxins, plant growth regulators,
antibiotics (CALVO etal., 2002; PROCTOR et al., 2009).
Some of these fungal compounds have beneficial
importance to mankind, such as the antibiotic penicillin—a
secondary metabolite from Penicillium notatum which is
still widely used nowadays, though many bacterial species
are now resistant to it. On the other hand, others secondary
metabolites, namely mycotoxins, are dangerous and often
present noxious effect to eukaryotes, including humans,
animals, and plants (LACKNER; MARTINEZ;
HERTWECK, 2009; PROCTOREet al., 2009; REVERBERI et
al., 2010).

Mycotoxin (from Greek “’'mykes”, fungus, from
Latin “’toxicum”, poison) is produced during the fungal
growth and can be found in the hyphae and spores of
these organisms (ZUCCHI; MELO, 2009; KOPPEN et al.,
2010). Ifingested, mycotoxins may cause acute or chronic

disease episodes, termed mycotoxicosis (MILICEVIC;
SKRINJAR, BALTIC, 2010; KOPPEN et al., 2010).

Foods are usually the preferred via for mycotoxin
contamination and once consumed the exerted toxic effects
are induced (KOPPEN et al., 2010). Mycotoxin long-term
exposure has also been related to several mycotoxicosis,
such as carcinogenic, mutagenic, teratogenic, estrogenic,
hemorrhagic, immunotoxic, nephrotoxic, hepatotoxic,
dermotoxic neurotoxic and immunosuppressive
(RICHARD, 2007; MILICEVIC; SKRINJAR, BALTIC, 2010).

Decontamination of food or feed are extremely
difficult (RICHARD, 2007) and to avoid medical or
veterinary problems usually the contaminated commodities
or byproducts are destroyed.

Mycotoxins background

History facts of outbreaks, deaths, and losses
involving the presence of mycotoxins date the Middle
Ages. The oldest recognized mycotoxicosis of humans is
the ergotism. This condition is the direct result of the
consumption of products made with grains contaminated
with ergotoxin — produced by the sclerotia of Claviceps
purpurea (CAST, 2003). The ergotism can cause convulsion
due to serotonergic stimulation of central nervous system
or gangrenes of acral parts of the human body (HULVOVA
et al., 2012). It reached epidemic proportions in central
Europe, where thousands of people were mutilated and
killed. Ergotism was also known as ignis sacer (sacred fire)
or St. Anthony’s fire, because at the time it was thought
that a pilgrimage to the shrine of St. Anthony would bring
relief from the intense burning sensation experienced
(PERAICA etal., 1999; RICHARD, 2007).

Nevertheless, the magnitude of the fungal
contamination problem began to be appreciated during World
War 1. At that time, it was noted that the consumption of
moldygrain led to necroses of the skin, hemorrhage, liver and
kidney failure, and death in numerous humans and animals
(AGRIOS, 2005). For instance, during the wartime winter of
1940 in the USSR many people died after eating grain poorly
stored and highly contaminated with mycotoxins (SCHUSTER;
MARX; RATHAUPT, 1993). Nevertheless, although cause
and effect of contaminated food ingestion could be correlated,
there was no report addressing these symptoms to fungal
secondary metabolites.

Consequently, the most famous episode involving
mycotoxicosis was the *’turkey X disease” that occurred
in England in 1960, in which more than 100,000 turkeys
died without any apparent reason. Posteriorly, this disease
was related to the peanuts contained in the turkey feed
(ASAO et al., 1963) and its cause was attributed to a
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secondary metabolite produced by Aspergillus flavus,
aflatoxin (PAPP et al., 2002). Indeed, it was only after this
episode that the scientific community has begun to give
importance to the hazardous properties of fungal
metabolites. Furthermore, from all known mycotoxins,
aflatoxin is still considered the worst carcinogen compound
produced by microorganisms (SHENASI; AIDOO;
CANDLISH, 2002).

What kind of mycotoxins can be found in the food
commodities?

Currently, more than 500 different mycotoxins have
been discovered and this number do not stop increasing.
Many mycotoxins are classified as polyketides, i.e.
bioactive secondary metabolites synthetized as fatty acids
(HOPWOOD; SHERMAN, 1990). Among the most
economically and toxicologically important mycotoxins that
pose greatest potential risk to human and animal health as
food and feed contaminants are: aflatoxins, trichothecenes,
fumonisins, zearalenone, ochratoxin, patulin, and certain
ergot alkaloids (CAST, 2003; BENNETT; KLICH, 2003;
RICHARD, 2007; KOPPEN et al., 2010). Economic losses
due to decrease of productivity have been estimated
around one billion dollar/year, and over US$ 500 million to
mitigate the damage of only three mycotoxins: aflatoxins,
fumonisins and trichothecenes (BHATNAGAR et al., 2006).

Mycotoxins are produced by a large number of
fungal species and some are able to produce more than
one mycotoxin (Tablel). Also, some mycotoxins can be
produced by more than one species (HUNSSEIN;
BRASEL, 2001).

REGULATIONS FOR MYCOTOXINS AROUND
THE WORLD

Since the discovery of aflatoxins, the scientific
community has been attempting to limit mycotoxin
contamination in foods and feeds (REVERBERI, et al., 2010).
Regulations relating to mycotoxins have been established
in many countries to protect the consumer from the harmful
effects of these compounds (MILIZEEVIAE; SKRINJAR;
BALTIC, 2010). Virtuallyall countries with fully developed
market economies have established regulations for
mycotoxins whilst many developing countries, where
subsistence farming is significant, the maximum limits of
mycotoxins were not regulated yet (Figure 1; CAST, 2003).

During a long time, mycotoxins concentrations were
not regulated in Brazil. However, due to a pressure increase
from foreign consumers for food free of mycotoxins,
Brazilian government has regulated the maximum limits for
aflatoxin in food and feeds (Table 2).

Although aflatoxin is still the only regulated
mycotoxin in Brazil: 20 pg.kg™ for total aflatoxin in feed and
30 pg.kg*for aflatoxin B*+G* in food; (CALDAS; SILVA;
OLIVEIRA, 2002), other country’s regulations have
presented a lower tolerance for this mycotoxin. For instance,
values for total aflatoxins found in food vary from 1 pg.kg*
(Bosnian) to 10 pg.kg* (France) (CREPPY, 2002). Also, some
regulatory policies are greatly developed as shown by
countries which regulate more than one mycotoxin (Table
2). Furthermore, according to Fao, 2003 data, on a worldwide
basis, at least 99 countries regulated mycotoxins for food
and/or feed in 2003 representing an increase of approximately
30 percent compared to 1995. The total population in these
countries represents approximately 87% of the inhabitants
of the world. This number was 77% in 1995. The increase in
2003 is due a slight increase in coverage in Latin America
and Europe, and more significant increases in Africa and
Asia/Oceania. Nevertheless, currently still 13% of the
inhabitants of the world live in a region where no known
mycotoxin regulation is in force. Thus, it is important the
use of safe methods of control of mycotoxin-producing fungi
to allow the marketing of healthy products without risk to
human and animal health (FOOD AND AGRICULTURE
ORGANIZATION - FAQ, 2003).

BIOLOGICAL CONTROL

Currently, over 25% of the world’s agricultural
commodities are estimates to be contaminated with
mycotoxins to a certain degree (STEPIEN et al. 2007 cited by
KOPPEN et al., 2010). This serious issue has been focus of
several strategies to mitigate the concentration of mycotoxins
in food. The main strategy includes the use of fungicides
(EDWARDS, et al., 2001) which is also considered the
primary means by which postharvest diseases are
controlled (SPADARO; GULLINO, 2004; KORSTEN, 2006;
DAL BELLOetal., 2008). Besides, currently many reasons
— public perception that pesticides are harmful to human
health and the environment (JANISIEWICZ; KORSTEN,
2002), limited efficacy for the development of pathogen
resistance (LIMAetal., 2006; BRODERS et al., 2007), and
the public demand for produce food free of synthetic
pesticides (SIPICZKI, 2006) — have been requesting to
replace the synthetic chemicals use to a safer and cleaner
alternative approach. In this background, biological control
using antagonistic microorganisms has been an emergent
alternative to efficiently manage storage fungi and
mycotoxins production and hence, reducing the use of
chemical compounds (JANISIEWICZ; KORSTEN, 2002;
SPADARO; GULLINO 2004; KORSTEN, 2006;
VELMOUROUGANE €t al., 2011).
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[C] Known to have regulations
M No data
B Known to lack regulations

Figure 1 — Counties known to regulate mycotoxins in food and feed (yellow), those where it is unknown whether
regulations exist (green), and nations known to have no specific regulations (red) (FAO, 2004). Modified from Cast,
2003.

Table 2 — Maximum limits for mycotoxins concentrations in food.

Maximum limits

Mycotoxin Countries (ug.kg'l or ug.l'l) Food
Aflatoxin B Belgium 5 All
Aflatoxin B,+G; Brazil 30 All
Belgium 5 Peanut
. Brazil 20 Animal feed
Aflatoxin B;+B,+G;+G, France 10 All
USA 20 All
Belgium 0.05 Milk
. France 0.03 Milk
Alflatoxin M, Russia 05 Milk
USA 0.5 Milk
Deoxynivalenol Russia 1000 Grains
. Denmark 5 Grains
Ochratoxin A France 5 Swine feed
Zearelone Frange 200 Gra!ns and vegetal o!ls
Russia 1000 Grains and vegetal oils
Toxin T, Russia 100 All

Source: modified from Creppy (2002).
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Although many useful biocontrol agents were
first identified through in vitro inhibition tests (i.e.,
evaluating inhibition of a target pathogen on an agar
medium), several researchers have reported no
correlation between in vitro inhibition tests and field
performance of biocontrol agents (FRAVEL, 2005).
This difference is usually explained by various
environmental conditions which may affect the
antagonist performance (COTTY; MELLON, 2006) or
laboratory conditions may artificially favour the
antagonist (WELLER, 1988). The trend currently seems
to drift through screening procedures that simulate
conditions under which the agent will be used
(ABRAHAM; LAING; BOWER, 2010; ZHANG et al.,
2010; MANSO; NUNES, 2011).

Recently, the number of the biocontrol products
available at the market is incresing. Some examples of
few products commercially available may be found at
the the table 3.

Despite of the increasing of this number, these
products still represent only about 1% of agricultural
chemical sales (FRAVEL, 2005). In near future is expect
to find new registrations of biofungicides to control
storage mould and mycotoxins.

Sources of antagonists

There are a variety of microrganisms which may
be used as biocontrol agents against mycotoxigenic
fungi that include different species of yeasts, fungi, and
bacteria. Due to the positive findings regarding the use
of these microbial antagonists, biocontrol agents have
been gaining popularity worldwide (BONATERRA et
al., 2003; KORSTEN, 2006; SARAVANAKUMAR et al.,
2009; DE CAL etal., 2009; VELMOUROUGANE et al.,
2011, SAGAHON et al., 2011).

According to Wilson and Wisniewski (1994) cited
by Spadaro and Gullino (2004), the major characteristics
of an ideal antagonist are: genetic stability, efficacy at
low concentrations and against a wide range of
pathogens on various fruit products, simple nutritional
requirements, survival in adverse environmental
conditions, growth on cheap substrates in fermenters,
lack of pathogenicity for the host plant and no
production of metabolites potentially toxic to humans,
resistance to the most frequently used pesticides and
compatibility with other chemical and physical
treatments.

Table 3 — Biocontrol products developed for control of postharvest diseases and mycotoxins (Adapted from Sharma et al., 2009).
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Based on these traits, yeasts seems to be an
excellent candidate for biocontrol agents and therefore,
researches have been focused on their isolation, selection
and potential use for controlling phytopathogenic fungi
(SIPICZKI, 2006; ABRAHAM; LAING; BOWER, 2010;
LAHLALI, 2011; MANSO; NUNES, 2011). Moreover,
yeasts inherent characteristics such as fast growth, fruit
surface colonization and deprive nutrients from pathogens
(through competition) have placed these organisms as one
of the most suitable biocontrol agents (RICHARD;
PRUSKY, 2002).

Information on the mechanism(s) of action by which
antagonists suppress postharvest disease is still
incomplete mainly due to the difficulties faced during the
study of the complex interactions between host, pathogen,
antagonist and other microorganisms present (SPADARO;
GULLINO, 2004). However, several possible biocontrol
mechanisms have been suggested including production
of antibiotics, lytic enzymes, direct parasitism, induction
of resistance in the host tissue, competition for nutrients
and space. Yet competition for nutrients and space is most
widely accepted mode action of the antagonists
(SHARMA,; SING; SING, 2009).

Where to look for antagonists?

Virtually any place is a potential reservoir for new
biocontrol antagonists. However, the prefered niche for
survey and screening of these organisms is usually healthy
commodities in the storage, orchard, and untreated fields
(BAKER; COOK, 1974). If these places have had a history
of mycotoxigenic fungi contamination the success of
selection may be enhanced due to a natural selection of
organisms which could compete with the pathogen. For
instance, yeasts were isolated from aflatoxin contaminated
areas and positive antagonistic effect in decreasing the
levels of norsolorinic acids (an aflatoxin precursor) was
observed in vitro (HUA; BAKER; FLORES-ESPIRITU,
1999). In general, the grain commaodities phylloplane is the
preferred location for antagonists screening as it is
considered a natural source of occurrence (JANISIEWICZ;
KORSTEN, 2002). Many other examples can be found in
the literature and probably the ultimate success for
biocontrol programs depends on the methodology applyied
in this search (FRAVEL, 2005). Selective isolation
requirements should be taken into account to isolate
different groups of antagonists and therefore, several
methodologies have been proposed (BAKER; COOK 1974;
SCHISLER; SLININGER 1997).

The antagonists may also come from other closely
related or unrelated sources like the soil that has also been

an abundant and diverse source of antagonists
(MOTOMURA etal., 1996; JUNG-IL; HONG; KANG, 2000;
JANISIEWICZ; KORSTEN, 2002; SAGAHON et al., 2011),
from collections of microorganisms (LAITILAetal., 2007)
or microorganisms that are involved in the production of
fermented foods (PUSEY, 1991). These others sources may
also yield effective antagonists (JANISIEWICZ;
KORSTEN, 2002).

Furthermore, biocontrol agent mode of action,
mainly antibiotics, have driven researches for surveying
the bacterial diversity in a huge variety of environmental
niches in which the extreme environment conditions (high
pressure, salinity, temperature or aridity and low
tempertatures) have recently increased in importance.
Hypothetically, in these extreme conditions the organism
may evolve to unique biosynthetic pathways which may
lead to exclusives traits. This hypothesis have been
corroborate in the vast literature regarding to description
of new species from these areas (ZUCCHlI et al., 2012a,b)
or novel biocompounds produced by these organisms
(GOODFELLOW etal., 2012).

DELIVERY SYSTEMS FOR MICROBIAL
ANTAGONISTS

Mould and mycotoxin contamination may occur at
any stage in the food and feed production chain: before
harvest, at harvesting, or in storage (KOPPEN et al., 2010).
Therefore, after promising antagonists are selected it is
necessary to search for strategies of delivery which applies
it effectively for controlling or suppressing the pathogen
and consequently their mycotoxin production. Basically,
microbial antagonists may be delivery through two main
ways: at preharvest or post-harvest stage (CAST 2003;
SHARMA,; SINGH; SINGH, 2009).

Preharvest delivery

The preharvest delivery strategy aims to prevent
the development of fungi already in the field and hence
their mycotoxin production. A current successful example
is the use of the competitive nontoxigenic strains of
Aspergillus flavus. This strategy is based on the
competition between the toxigenic and nontoxigenic strains
to exclude naturally the toxigenic strains in the same niche
and compete for crop substrates (YIN et al., 2008). Some
field experiments in different crops have demonstrated
significant reductions in the aflatoxin contamination,
values which correspond to 70-90% (DORNER, 2004;
DORNER, 2008; DORNER, 2009). Two products have been
registered as biopesticides to control aflatoxin. One is called
AF-36 based on the nontoxigenic strain A. flavus AF36 for
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control of aflatoxin in cottonseed. The second one is the
Afla-Guard based on the nontoxigenic strain A. flavus
NRRL21882 for aflatoxin control on corn (field, sweet, and
popcorn) and peanuts (ISAKEIT, 2012).

Postharvest delivery

These second approach of delivery lies in two ways:
1) suppressing the pathogens, in this time after harvest
and 2) through the mycotoxin decontamination by the
application of microorganism antagonists.

Pathogens may be suppressed by microbial
cultures which can be applied either as postharvest sprays
or as dips in an antagonist’s solution (IRTWANGE, 2006).
The dip treatment containing a yeast suspension
(Saccharomyces cerevisiae) was used in coffee
postharvest, during its processing, and resulted in a
significant reduction of total mould incidence (Aspergillus
niger, Aspergillus ochraceus) and ochratoxin A
contamination without affecting the cup quality
(VELMOUROUGANE et al., 2011). Similarly, a significant
reduction on the production and accumulation of aflatoxins
by A. parasiticus in peanuts was observed after the grains
were treated with a Streptomyces suspension (ZUCCHI et
al., 2008).

Studies have demonstrated that mycotoxin
decontamination can be reached using some yeasts,
bacteria or fungal enzymes which degrade mycotoxins into
non-toxic compounds and therefore, reduce the harmful
effects of mycotoxins (EUROPEAN FOOD SAFETY
AUTHORITY-EFSA, 2009). For instance, the yeast
Trichosporon mycotoxinivorans can detoxify the
zearalenone (VEKIRU et al., 2010) and ochratoxin. The latter
is detoxified by the cleavage of the phenylalanine moiety
to form the derivate ochratoxina, a virtually nontoxic
metabolite compared to the parent compound
(SCHATZMAYR et al., 2006). Due to the fact that T.
mycotoxinivorans can be fermented, concentrated, freeze-
dried, and stabilized without losing its deactivating
capacity, its utilization in postharvest delivery as a feed
additive for ochratoxin and/or zearalenone detoxification
seems to be feasible alternative (CHAYTOR, etal., 2011).

Furthermore, an interesting trait for controlling
mycotoxins in postharvest conditions, which may also be
exploited, is the capacity of some compounds-producing
actinomycetes that block the mycotoxin biosynthetic
pathway. This recent new research line has demonstrated
promising results to control aflatoxin contamination
(SAKUDA et al., 1996). Streptomyces is the preferred
chosen actinomycete and some compounds (aflastatin A
and B; Blasticidin A and dioctatin A) have prevented the

aflatoxin production without inhibition the fungus growth
(SAKUDA et al, 1999; SAKUDA et al., 20004, b;
YOSHINARI et al., 2007). Since these compounds have
not interfered in the fungal development, the treated fungus
may confer an extra protection by niche competition against
further infections.

HOW TO ENHANCE THE EFFICACY OF
BIOLOGICAL ANTAGONISTS?

Although the vast progress achieved on the
biological control of postharvest diseases during the last
decades, difficulties can be arised in order to obtain
antagonistic strains which alone show a broad spectrum
of activity against a variety of mycotoxigenic pathogens.
Because of that, instead of using only one isolate the trend
commonly used nowadays is applying the microbial agent
in a consortium with another approach. This strategy can
greatly enhance the biocontrol efficaciness and some of
these approaches are discussed below.

Biological control and the good agricultural practices

The first and logical step to manage
phytopathogen contamination is a good agricultural
practice in the field and at the storage. Some of these
practices rely on the careful selection of crop material to
sow as well as the time to harvest (WILSON et al., 2006;
BRANDINO et al., 2009). In general, late crops are most
likely to develop mycotoxin contamination issues.
Cereals, coffee beans, fruits and seeds should be dried
immediately after the harvest. Moreover, attention must
be taken on the temperature and moisture at storage
conditions (CAST, 2003). For other commodities, i.e. maize
grains, the selection of hybrids, plant density, time of
planting, and insect control may have an influence on
toxin contamination (MAGAN; ALDRED, 2007). Some
factors affecting fungi and mycotoxin occurrence in the
food chain are given bellow:

- Biological factors: susceptible crop and compatible
toxigenic fungus;

- Environmental factors: temperature, moisture, mechanical
injury and insect/bird damage;

- Harvesting: crop maturity, temperature, moisture and
contaminant detection;

- Storage: temperature, moisture and contaminant
detection;

- Distribuition: contaminant detection and diversion.

Antagonist mixtures

An effective biological control based on a mixture
of several complementary and non-competitive antagonists
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usually present more chances to success than a control
based on only one single microorganism (SPADARO;
GULLINO, 2004). Sharmaetal. (2009) pointed out several
advantages for using mixtures of microbial antagonists,
such as:

- Widening the spectrum of phytopathogens targets;

- Decreasing the efficacy loss due to adverse environmental
conditions;

- Exploring more than one mechanism of control;

- Combination of different biocontrol traits without the
transfer of exogenous genes through genetic
transformation.

For instance, a broader spectrum of pathogens
on apple was controlled when microbial antagonists
were applied in mixtures instead of use individual
microbial strains (CALVO et al., 2003; CONWAY et al.,
2005). Similarly, a decrease in the aflatoxin concentration
from 75 t0 99.9% was observed in peanut fields using a
misture of nontoxigenic mutants of A. flavus and A.
parasiticus (DORNER et al., 1998). Both examples
highlight the high degree of control which may be
achieved using mixtures of biocontrol agents even in
field conditions.

Biological agent additives

Many additives can enhance the biological control
activity of antagonists and salts usually are the most
related ones. Thus, the combination of 2% sodium
bicarbonate with the yeast antagonist Candida oleophila
enhanced significantly its biocontrol performance (curative
and protective effect) against fungi rot diseases caused
by Botrytis, Penicillium, Monilinia and Rhizopus in apple
and peach (DROBY etal., 2003). Similarly, a sugar analogue
(2-deoxy-dscp-glucose) has also demonstrated the capacity
to increase efficacy. The bioagent Candida saitoana
supplemented with 0.2% 2-deoxy-D-glucose was more
effective in controlling decay of apple, orange, and lemon
caused by Botrytis cinerea, Penicillium expansum, and P.
digitatum than either C. saitoana or the application of a
0.2% solution of 2-deoxy-D-glucose alone (EL GHAOUTH
etal., 2000).

Other additives such as ethanol, silicon, nisin and
chitosan, have been reported to enhance the quality and
control efficacy of different biocontrol agents
(JANISIEWICZ; CONWAY, 2010).

Integration of biological control with other methods

Some examples of integration of the biological
control with others postharvest methods have been
proposed. Thus, modified storage conditions, physical and

chemical treatments have been used in combination with
biocontrol agents and their additive or synergic effect have
increased the level of disease control (MARI; NERI;
BERTOLINI, 2007; JANISIEWICZ; CONWAY, 2010).
Integrating the antagonistic Cryptococcus laurentii with
104 ppm of thiabendazole improved the control of grey
mould caused by Botrytis cinerea on apples (LIMA etal.,
2006). Similarly, the application of the same antagonist in
combination with 25 ppm imazalil or 50 ppm kresoxim-
methyl resulted in less decay caused by Alternaria
alternata and Monilinia fructicola (compared with
separate applications) on jujube fruits stored in a controlled
atmosphere (QIN; TIAN, 2004).

Besides, to enhance the bioefficacy of microbial
antagonists the attractive approache which may be used in
a large scale in the future is the improvement of genetic
traits involved with the ability of the antagonist to inhibit
the establishment and the development of the pathogen as
well as the mycotoxin production. Some techniques to
manipulate the antagonists have already been described
using conventional mutagenesis (ionizing radiations,
mutagenic chemicals, fungicide or antibiotic exposure) or
sexual recombination, through protoplast fusion or genetic
transformation (SPADARO; GULLINO, 2004).

CONCLUDING REMARKS

In this paper, we reviewed the major trends on
biological control which hasbeen considerated an effective
approach to reduce the postharvest losses caused by store
fungi and mycotoxin contamination. Probably, the most
positive trait of this strategy is the reduction of pesticides
use which brings relevant prospects to environmental and
human health (JANISIEWICZ; KORSTEN 2002). In
addition, unlike chemical pesticides the biocontrol agents
usually offer disease management alternatives using more
than one mechanism of action (FRAVEL, 2005). This
characteristic confers several advantages on the pest
control mainly due to a lower probabity to select resistant
phytopathogenic strains.

Generally, studies related on the use of
microorganisms as biocontrol agents focus only on efficacy,
ignoring the lack of toxic residue and the effect on the food
quality (ZHANG et al., 2010). Yeast used as biological
microrganisms in coffee crop have been reported to suppress
mold incidence and mycotoxin contamination apart from
improving the coffee cup quality and aroma
(VELMOUROUGANE et al., 2011). Other secondary benefits,
such as enhancement of fruit firmness and longer shelf-life,
have also been correlated with biocontrol agents
(VIOLANTE etal., 2009).
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However, it is unrealistic to imagine that biological
control alone will solve all problems of storage fungi and
mycotoxin contamination. Nevertheless, the use of
antagonist mixtures or combine them with other methods
can easily overcome many difficulties found during the
crop development. Therefore, it is increasingly clear the
trend and necessity of inserting the biocontrol agents in
aintegrated pest management. Indeed, many efforts have
been made to develop a whole biological control programs
(ESHEL et al., 2009; JANISIEWICZ; CONWAY, 2010).
Finally, the benefits of antagonists utilization outweigh
their capacity to reduce the storage fungi inoculums or
mycotoxin contamination. Since they are virtually non-
toxic to non-target organisms, biocontrol agents have
become largely accepted by ‘eco-friendly’ consumers.
This new economical niche is fiercely influencing the
farmers to include the biological control as an alternative
for chemical pesticides. Because of that, it can be expected
that the participation of biocontrol products on the
agricultural chemical sales will increase in a near future.
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