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vegetables and grains using antagonistic yeasts has been explored as one of several promising alternatives to
chemical fungicides, the use of which is facing increasingly more stringent regulation. Yeast species have been
isolated over the past two decades from a variety of sources, including fruit surfaces, the phyllosphere, soil and
sea water, and their potential as postharvest biocontrol agents has been investigated. Several mechanisms

ﬁi{:;oggis;tic yeast have been proposed as responsible for their antagonistic activity, including competition for nutrients and
Mode of action space, parasitism of the pathogen, secretion of antifungal compounds, induction of host resistance, biofilm forma-
Postharvest disease tion, and most recently, the involvement of reactive oxygen species (ROS) in defense response. It has been
Stress tolerance recognized that a biocontrol system is composed of a three-way interaction between the host (commodity),
the pathogen and the yeast, all of which are affected by environmental factors. Efficacy and consistent perfor-
mance in controlling postharvest diseases are the hurdles that must be overcome if the use of yeast biocontrol
agents and other alternatives are to be widely used commercially. Therefore, attempts have been made to
combine alternative treatments in order improve their overall performance. The current review provides a
brief overview of the topic of the use of yeasts as postharvest biocontrol agents and includes information on
the sources from which yeast antagonists have been isolated, their mode of action, and abiotic stress resistance

in yeast as it relates to biocontrol performance. Areas in need of future research are also highlighted.
© 2013 Elsevier B.V. All rights reserved.
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countries have been reported (Nunes et al., 2012). The high levels of
decay caused by fungal pathogens can be directly attributable to the
large amount of nutrients and water, low pH, and the decrease in in-
trinsic decay resistance of fruit after harvest (Droby et al., 1992).
Fungal species within the genera Penicillium, Botrytis, Monilinia,
Rhizopus, Alternaria, Aspergillus, Fusarium, Geotrichum, Gloeosporium
and Mucor represent postharvest pathogens responsible for many
of the most important postharvest diseases (Barkai-Golan, 2001).

In addition to economic considerations, infected produce represents
a potential health risk since several fungal genera, such as Penicillium,
Alternaria and Fusarium, produce mycotoxins that pose a human health
hazard. For example, Penicillium expansum, the causal pathogen of
postharvest blue mold in a variety of fruits, produces a number of toxic
secondary metabolites including patulin, citrinin, and chaetoglobosins,
all of which are potential carcinogens (Andersen et al., 2004). Although
the use of synthetic chemical fungicides is the principal method of
controlling postharvest diseases and the resulting rots they cause,
stricter regulatory policies are being imposed on their use. There is
also strong consumer demand to reduce the use of potentially harm-
ful chemicals in their food supply. For these reasons, alternative
methods for managing postharvest diseases have been increasingly
explored during the last 25 years. The reader is referred to the following
reports for a comprehensive review of the subject: Droby et al. (1992,
2009), Janisiewicz and Korsten (2002), Sharma et al. (2009) and
Wisniewski et al. (2007).

Biological control using microbial agents has been reported among
several alternatives to be an effective approach, to the use of synthetic
chemical fungicides for managing postharvest fruit decay (Droby et al.,
2009; Spadaro and Gullino, 2004). In this regard, the use of antagonistic
yeasts has been especially emphasized since the production of toxic
secondary metabolites (antibiotics) is generally not involved in their
inhibitory activity (Wisniewski and Wilson, 1992). Considerable infor-
mation is also available with respect to the commercial scale production
of yeast including fermentation, formulation, storage, and handling
(Wisniewski et al., 2007).

The original source (fruit surfaces) for the isolation of yeast antago-
nists (Wilson and Wisniewski, 1989; Wilson et al., 1993) has expanded
to other environments, such as sea water (Hernandez-Montiel et al.,
2010; Wang et al., 2008) and Antarctic soil samples (Vero et al., 2013).
The main intent in exploring these new sources has been both to iden-
tify yeasts that can thrive in stressful environments and to discover
isolates with novel modes of action.

Yeasts used to manage postharvest diseases in orchards and pack-
inghouses encounter a variety of stressful conditions that can affect
their viability and efficacy, including extreme temperature, low hu-
midity, oxidative stress, lack of nutrients, and adverse pH. Therefore,
abiotic stress tolerance is an essential attribute for yeasts used as
biocontrol agents. Several methods, including physiological manipu-
lation (Abadias et al., 2001; Mokiou and Magan, 2008), stress adapta-
tion (Liu et al., 20114, 2012), and the use of exogenous anti-stress
substances (An et al., 2012; Liu et al., 2011b) have been employed
to enhance stress tolerance and improve biocontrol efficacy.

A suitable formulation and large-scale testing are fundamental
steps in the process of developing a commercial biocontrol product.
Pilot scale studies of biocontrol yeasts using both liquid and dry
formulations of yeasts have been conducted (Long et al., 2007;
Patifio-Vera et al.,, 2005; Melin et al.,, 2007; Mokhtarnejad et al,,
2011; Torres et al., 2003). In the current review, a brief overview
of research that has led to a more comprehensive understanding of
postharvest biocontrol systems is presented and discussed with an
emphasis on the most recent literature. Information on methods
and sources for isolating and screening yeast antagonists, the per-
formance and efficacy of yeast under different environmental condi-
tions, and the potential for commercializing yeast as postharvest
biocontrol agents are presented. Areas in need of research are also
highlighted.

2. Sources of yeast antagonists

In an early attempt to develop postharvest biocontrol agents, Pusey
and Wilson (1984) reported the ability of a strain (B-3) of Bacillus
subtilis to control brown rot on peach caused by Monilinia fructicola.
It was subsequently discovered that the antibiotic, iturin, produced by
the bacterium was the main factor responsible for the control of
brown rot. The use of an antibiotic-producing microorganism on food
raised significant concerns and so Wilson et al. (1993) developed a se-
lection strategy for identifying potential postharvest biocontrol agents
based on the in vivo selection of non-antibiotic producing yeast strains
by applying wash water of fruits into surface wounds and isolating
microbes from wounds that were protected against infection from
artificially inoculated pathogens. This selection and screening strate-
gy was later used by many different laboratories to identify potential
yeast antagonists.

Once a promising yeast antagonist is isolated in pure culture, it
is identified using morphological and physiological characterization
(Chanchaichaovivat et al., 2007) and/or by DNA sequencing of con-
served regions of ribosomal DNA (Kurtzman and Droby, 2001). A num-
ber of antagonists have been identified using this strategy and evaluated
on the criteria presented in Table 1. Based on these selection criteria, the
yeast antagonist, Candida oleophila (strain 1-182), isolated from the
surface of tomato fruit, became the first-generation of yeast-based
postharvest biocontrol products commercialized under the trade name
‘Aspire’ by Ecogen, Inc. (Wisniewski et al., 2007). The product was avail-
able on the market for a few years but is no longer available; however,
this potential of this yeast species has been explored by other researchers
(Bastiaanse et al., 2010; Massart et al., 2005). A commercial yeast biocon-
trol product, based on Metschnikowia fructicola, is marketed in Israel
under the trade name “Shemer” by Bayer, Inc.

Yeasts that are naturally present on and apparently endemic to
fruit surfaces represent the major group of yeasts utilized to manage
postharvest diseases. However, antagonists have also been isolated
from other sources, such as the phyllosphere, roots, soil, and sea
water. For example, the phyllosphere yeast, Rhodotorula glutinis
(strainY-44), isolated from leaves of tomato, has been reported to
suppress gray mold (Botrytis cinerea) on both leaves and fruits of tomato
(Kalogiannis et al., 2006). Kloeckera apiculata (strain 34-9), isolated from
citrus roots, has been reported to be effective in controlling Penicillium
italicum and B. cinerea on citrus and grapes, respectively (Long et al.,
2005). The psychrotrophic yeast, Leucosporidium scottii (strain At17), iso-
lated from Antarctic soil, was identified as a good biocontrol agent against
both blue and gray mold of apple caused by P. expansum and B. cinerea,
respectively (Vero et al., 2013). Compared to yeasts isolated from fruit
surfaces, marine yeasts typically have higher osmotolerance and there-
fore may potentially be more suitable for use under conditions where
yeast are exposed to abiotic stress (Hernandez-Montiel et al., 2010;
Wang et al,, 2010). The marine yeast, Rhodosporidium paludigenum, iso-
lated from the East China Sea, effectively inhibits P. expansum on pear
fruit, and Alternaria alternata on Chinese winter jujube (Wang et al.,

Table 1
Characteristics of yeasts for the biocontrol of postharvest spoilage fungi on fruits.
Adapted and modified from Barkai-Golan (2001) and Wilson and Wisniewski (1989).

Genetically stable

Effective at low concentrations

Not fastidious in its nutrient requirements

Capable of surviving under adverse environmental conditions (including low/high
temperature, oxidative stress and controlled atmosphere storage)

Effective against a wide range of pathogens on a variety of fruits

Amenable to production on an inexpensive growth medium

Preparable in a formulation that can be effectively stored and dispensed

Compatible with commercial processing procedures

Resistant to pesticides, friendly to environment and non-pathogenic to host commodity

Not produce metabolites that are deleterious to human health

Unable to grow at 37 °C and not associated with infections in humans
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