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ARTICLE INFO ABSTRACT

Keywords: Plant pathogenic and food spoilage microorganisms cause serious losses in crop production and severe damage
Antimicrobial antagonism during food manufacturing, transportation and storage. Synthetic antimicrobial agents are commonly used to
Y?aSts control their propagation and harmful activities. However, the recent trend is shifting from chemicals towards
Biocontrol . . s . . . . o .

Bioprotection safer and more eco-friendly alternatives. The use of antagonistic microorganisms as biological antimicrobial

agents is becoming popular throughout the world to replace chemical agents. High numbers of microorganisms
have turned out to exert adverse/inhibitory effects on other microorganisms including pathogens and spoiling
strains. However, most of them are only active under laboratory conditions and their activity is sensitive to
environmental changes. Only a small number of them can be used to manufacture biological protective products
on an industrial scale. Therefore, there is a great need to identify additional antagonists. Yeasts have come to the
forefront of attention because antimicrobial antagonism is fairly widespread among them. In the recent years,
numerous excellent review articles covered various aspects of the phenomenon of antimicrobial antagonism of
yeasts. However, none of them dealt with how antagonistic yeasts can be sought and identified, despite the high
number and diverse efficiency of screening and identification procedures. As researchers working in different
laboratories use different criteria and different experimental set-ups, a yeast strain found antagonistic in one
laboratory may prove to be non-antagonistic in another laboratory. This review aims to provide a comprehensive
and partially critical overview of the wide diversity of identification criteria and procedures to help researchers
choose appropriate screening and identification strategies.

VOC-mediated antagonism

1. Introduction Hernandez-Montiel et al., 2021; Reyes-Bravo et al., 2021; Gianvito et al.,

2022; Li et al., 2022; Ma et al., 2023). Some reviews provided more or

Microorganisms sharing the same niche interact with each other as
animals and plants. The interaction between two microorganisms can be
synergistic (mutually beneficial) or antagonistic (beneficial for one
partner but harmful for the other). Yeasts can antagonistically interact
with other microorganisms by a plethora of mechanisms. The most
common modes are competition for nutrients (yeast cells utilise,
consume a particular nutrient faster than the other microorganism),
physical (contact) inhibition (e.g. the dimorphic yeast forms a dense
mycelium or pseudomycelium and biofilm that halts the growth of the
other microorganism), inhibition by the secretion of cell-wall lytic en-
zymes, killer factors or agents that immobilise certain nutrients (e.g.
pulcherriminic acid), by releasing volatile organic compounds, etc.
Numerous excellent review articles have been published in the recent
years that covered various aspects of the phenomenon of antimicrobial
antagonism of yeasts (e.g. Mukherjee et al., 2020; Zhang et al., 2020; Di
Canito et al.,, 2021; Gil-Rodriguez and Garcia-Gutierrez, 2021;
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less comprehensive overviews of the mechanisms of antagonism, others
focused on specific groups of antagonistic yeasts, and still others sur-
veyed the experience gained during the application of antagonistic
yeasts to the biological protection of certain commodities and plants.
However, none of them dealt with how antagonistic yeasts can be sought
and identified, despite the fact that many procedures of various speci-
ficities and sensitivities have been developed and many procedures lead
to inconsistent results. A yeast strain found antagonistic in one test may
prove to be non-antagonistic in other tests. Since published studies
frequently used different identification and test methods, it is difficult to
compare their results. Researchers of different laboratories often worked
with different strains of the same species, different types of culture
media, various substrates and also different culture modalities. This
review aims to provide a comprehensive and partially critical overview
of the wide diversity of identification procedures. Such an overview can
be very useful for researchers at selecting appropriate procedures to
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identify and test novel antagonistic yeasts that meet the new (and ever-
changing) expectations of food industry and agriculture for biological
control agents suitable for replacing chemicals in protecting plants and
food from harmful microorganisms.

2. Terminology and article structure

In the procedures covered by this review, yeasts are tested for
antagonistic activities by the examination of their effect(s) on other
microorganism(s). If the effect is adverse (e.g. causing cell death,
reduced spore germination or growth rate), the yeast is considered
antagonistic, at least against the organisms involved in the examination.
As the response of the latter organisms indicates whether the yeast has
or does not have an antagonistic effect, they will be referred to as “in-
dicator organisms” throughout this article. Alternatively, they can be
called test organisms or testers. However, the term “target organisms”,
which is quite commonly used in the literature, is less appropriate
because it assumes that they will be attacked by the yeast which, how-
ever, may not take place.

International Journal of Food Microbiology 406 (2023) 110360

For the sake of easier orientation, the presented procedures are
grouped in the following major categories: tests on agar plates, tests in
liquid media, tests on natural substrates, microscopic methods, tests for
VOCs production and combination of methods.

3. Plate assays (tests on agar plates)

In these methods, the yeast is tested for antagonism on laboratory
culture media solidified with agar. The composition of the medium is
adapted to the nutritional demands of the yeast and the indicator
organism.

3.1. Yeast on indicator (YOI)

The yeast is tested for antagonism by inoculating it onto an agar
(test) plate spread by cells (or conidia) of the indicator organism. If it has
an inhibitory (antagonistic) effect, a halo of no-growth or reduced
growth will be seen in the lawn of the indicator around the yeast colony
(Fig. 1A and B).

Fig. 1. Plate assays. A and B. Yeast on
indicator (YOI): Inhibition zone around
the yeast colony (A), a halo of reduced
growth rate in the indicator lawn
around the yeast colony (B). C and D.
Detection of cell killing effect by replica-
plating: test plate before replica-plating
(C) and its replicated copy (D). E and
F. Indicator on yeast (IOY): the yeast
inhibits the growth of indicator (E), the
yeast lawn does not inhibit the growth
of indicator (F). Tested yeast is marked
with y; indicator organism is marked
with i.
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The test plate can be prepared by (a) mixing the indicator organism
(cells, spores or conidia) into molten agar medium before pouring it into
the Petri dish (e.g. Bjornberg and Schniirer, 1993; Hodgson et al., 1995;
Goerges et al., 2006; Andrade et al., 2014; Mehlomakulu et al., 2014; de
Melo Pereira et al., 2016; Acuna-Fontecilla et al., 2017; Pena and Ganga,
2019; Delali et al., 2021; Tacumin et al., 2017) or by (b) pouring the
medium into the dish and flooding it with a suspension of the indicator
organism afterwards (e.g. Bilinski et al., 1985; Comitini et al., 2004;
Zheng et al., 2004; Sipiczki, 2006; Nally et al., 2015; Ntnez et al., 2015;
Ruiz-Moyano et al., 2016; Younis et al., 2017; da Cunha et al., 2018;
Sipiczki and Selim, 2019; Pawlikowska et al., 2019; Csoma et al., 2020;
Hicks et al., 2021; Yang et al., 2021; Staneviciene et al., 2021). If the
suspension is dense enough, the cells/hyphae of the indicator will form a
continuous lawn on the surface of the medium. A lawn can also be
created by pouring a thin layer of molten agar medium supplemented
with indicator cells (over-layer) onto the plate (lacumin et al., 2020).

The yeast that is tested for antagonistic activities is then inoculated
onto the plate of the indicator organism. It can be done in two ways: (a)
either by filling a suspension of its cells into a well cut in the agar plate
(b) or by inoculating it on the surface of the plate. The latter can be done
in numerous ways: e.g. by smearing large amount of cells with a loop,
dropping an aliquot of dense suspension of cells, placing a filter-paper
disc soaked with the cell suspension or a nitrocellulose membrane on
which the yeast is inoculated. In the latter case, the inhibition becomes
visible in/on the plate after the removal of the membrane (provided the
membrane is penetrable for the inhibitor).

When the growth requirements of the yeast differ from those of the
indicator organism, a well is cut into the plate inoculated with the in-
dicator organism. The well is then filled with a medium optimal for the
yeast. For example when a yeast strain is tested for antibacterial
antagonism, the test plate can be LB agar and the medium filled in the
well can be a standard yeast-extract-glucose agar. The yeast is then
inoculated on the top of the filled well or is mixed into the filling me-
dium prior to being filled into the well. Alternatively, an agar block is
placed on the test plate which is cut from a plate on which the yeast grew
well (e.g. Roostita et al., 2011; Rajkowska et al., 2012).

If the yeast releases the inhibitor before the indicator organism starts
growing, a clear inhibition zone with sharp edge will be seen around its
colony upon incubation. However, when the indicator organism grows
fast or the antagonist exerts its activity slowly, a turbid zone of poorer
growth with blurred edge is formed.

Lack of a visible inhibition zone does not necessarily mean that the
yeast has no antagonistic effect on the indicator organism. It can be due
to its slow growth or delayed exertion of inhibitory effect. By the time
the yeast begins to exert its antagonistic effect, the indicator microor-
ganism overgrows the medium. This delayed effect can be visualised in
two ways: (a) by adding methylene blue to the medium (e.g. Bilinski
et al., 1985; Ferraz et al., 2016; Chen and Chou, 2017) or (b) by replica-
plating the test plate onto a fresh plate. In the former case, a blue ring is
formed around the colony because the dying cells of the indicator absorb
the dye and turn blue. Living cells also uptake the dye, but the active
enzymes within their cytoplasm process (reduce) it into a colourless
form. This simple assay is widely used in the identification of killer
strains although it is not specific of killer-factor mediated cell killing.
Ignoring this fact can lead to the false conclusion that the yeast strain is a
killer even if it does not produce a killer factor. In the latter case, a halo
of poor or no growth will be visible in the lawn of the indicator around
the print of the yeast colony because the indicator cells killed by the
yeast colony do not grow (Fig. 1C and D).

3.2. Indicator on yeast (I0Y)

This method is the inverse of YOI. Here the test plate is inoculated
massively with the yeast, and the indicator is spotted on it (Fig. 1E and
F). The antagonistic effect of the yeast is manifested by no or reduced
growth of the indicator colony.
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As in the case of YOI, the test plate can be prepared in two ways: (a)
by mixing the yeast cells into the agar medium before poring it into the
Petri dish (e.g. Petersson and Schniirer, 1995; Masoud and Kaltoft, 2006;
Bleve et al., 2006; Virgili et al., 2012; Ruiz-Moyano et al., 2016; Pia-
secka-Jozwiak and Chabtowska, 2017; Peromingo et al., 2019) or (b) by
pouring the medium into the dish and flooding it with a suspension of
the yeast cells after it has solidified (e.g. MacWilliam, 1959; Patino-Vera
et al., 2005; Zheng et al., 2005; Wang et al., 2008; Mohamed and Saad,
2009; Wang et al., 2010; Hernandez-Montiel et al., 2010; Medina-
Cordova et al., 2016; Ntnez et al., 2015; Hilber-Bodmer et al., 2017;
Shen et al., 2019; Meftah et al., 2018; Tryfinopoulou et al., 2020; Fer-
nandez-San Millan et al., 2021; Zou et al., 2021).

The surface of the yeast plate can be inoculated with the indicator
organism in numerous ways: e.g. by placing an agar block cut from a
colony, or by methods similar to those used for the inoculation of yeasts
on the target organism in YOL (smearing large amount of cells or conidia
with a loop, dropping dense suspension of cells or conidia or placing a
filter-paper disc soaked with the suspension of conidia). If the yeast has
antagonistic effect against the indicator, the latter either does not grow
or forms a smaller colony than on the yeast-free control plate. The extent
of inhibition is usually determined as the percentage of colony diameter
decrease compared to the control. Therefore this method can only be
used for the detection of antagonistic effect against indicator organisms
that form continuously growing colonies (e.g. mycelium) on solid
media.

This method can lead to false conclusions because the lower exten-
sion rate of the mycelium is not necessarily due to antagonism. It can be
caused by extensive nutrient depletion in the plate by the yeast cells. The
likelihood of this problem can be reduced by inoculating the plate with a
low density suspension of yeast cells that form detached individual
colonies. This version is also called binary competition assay (Hilber-
Bodmer et al., 2017).

3.3. Grid assay by replica-plating (GARP)

The yeast strains to be tested for antagonistic interactions and the
indicator organisms are streaked on agar plates (optimally two or three
parallel lines on one plate) and incubated until thick line-shaped cul-
tures are formed. These cultures are then replica-plated onto fresh plates
perpendicularly to each other to produce grids of prints in which the
strains intersect each other (Fig. 2). If a yeast line intersects a sensitive
indicator, it inhibits the growth of the latter in the vicinity of the
intersection. If the inhibition is ambiguous, it is recommended to
replica-plate a copy of the grid to another (third) plate where the dead
cells of the indicator will not propagate. This method is not suitable for
testing yeast strains for antagonism with mycelium-forming indicators.

3.4. Cellophane-agar-layer assay (CALA) and filter-agar-layer assay
(FALA)

These methods are modified versions of IOY. The yeast cells are not
spread directly on the plate but onto a sterile cellophane sheet or a
sterile bacteriological filter disc (routinely used for filter-sterilisation)
laid on the plate. After several days of incubation the sheet/disc with
the yeast culture is removed and the indicator microorganism is inocu-
lated onto the plate either by spreading its cells/conidia or by placing a
block cut from a mould colony on the site of the removed yeast culture.
The lower growth rate of the indicator organism on this plate relative to
that on the control plate (no yeasts were spread on the disc) is inter-
preted as an evidence of antagonism (e.g. Marsico et al., 2021; Hassan
et al., 2021; Hatoum et al., 2013). Although the discs are permeable for
compounds in both directions, the reduced growth rate is not necessarily
due to an antagonistic substance. Since the organism growing on the disc
depletes the medium of most nutrients, the lower growth rate of the
indicator organism can simply be due to shortage of basic nutrients
rather than to an inhibitor. When cellophane is to be used, it is advisable
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Fig. 2. Grid assay by replica-plating (GARP). A. Creation of a grid by replica-plating of the indicator organisms i; and i, and the yeasts y; and y2. B. Visualisation of

cell killing at the edge of the inhibition zones. Star: antagonistic yeast.

to take into account that different brands are differently penetrable/
permeable.

3.5. Agar well assay (AWA)

This method is used for testing the yeast strain for antagonising the
germination of conidia in mixed suspensions (e.g. He et al., 2003;
Andrade et al., 2014; Chanchaichaovivat et al., 2007; Li et al., 2011;
Mari et al., 2012; Hassan et al., 2021; Sabaghian et al., 2021; Lanhuang
et al., 2022). Discs are cut and removed from the agar plates to form
wells and the wells are half-filled with the suspension of conidia of the
indicator fungus. On the test plate, equal volume of yeast suspension is
also filled in the well. On the control plate no yeast suspension is added
into the well. On the latter plates the conidia germinate and a gradually
extending mould colony is formed on the agar medium around the well.
On the test plate either no indicator colony is formed (the yeast inhibits
the germination of the conidia) or the colony formation is delayed and/
or the growth of the colony is slow compared to the control (incomplete
antagonism).

3.6. Culture filtrate assay in agar medium (CFAA)

The antagonistic potential of the yeast strain can be examined by
testing its cell-free culture medium for an adverse effect on the growth of
the indicator organism on/in an agar medium (e.g. da Cunha et al.,,
2018; Hatoum et al., 2013; Al-Dulaimi et al., 2020). The yeast cells are
cultivated in a liquid medium till stationary phase or longer to allow
them to release metabolites, including those of antagonistic activity,
into the medium. The cells are then separated from the medium by
centrifugation and the supernatant is sterilised by filtration. The cell-
free filtrate can be tested in two ways. (a) An aliquot is added to
molten agar medium which is then poured into a Petri dish. After so-
lidification, an agar block cut from the colony of the indicator organism
is placed on the plate. The rate of the extension of the colony growing
from the block is compared to that of the colony growing on the control

plate (containing no filtrate). (b) The other possibility is to fill the
aliquot into a well cut into a plate containing the cells/conidia/spores of
the indicator organism. If the filtrate has antagonistic activity, an inhi-
bition zone (either clear or turbid) is formed around the well.

3.7. Competition assay by co-culturing on agar medium (CACA)

With CACA, the yeast can be tested for antagonism against surface-
colonising micro-organisms. For example against bacteria that grow
on the surface of meat products or cheese (e.g. Goerges et al., 2006).
Mixed suspensions containing cells of the yeast and the indicator
microorganism in various proportions are prepared and samples are
spread onto the agar medium. After incubation at a temperature optimal
for the indicator organism (for a period of time depending on the growth
rate of the indicator organism; shorter for bacteria longer for fungi),
blocks are cut from the medium and the cell lawn is washed from them
in fixed volumes of a sterile liquid medium. The resulting suspension is
serially diluted and appropriate dilutions are spread onto agar media, on
which both organisms can produce colonies. A control is set up with the
same starting cell density of the indicator microorganism but without
yeasts. If the propagation of the indicator organism is adversely affected
by the yeast cells, its colony number per unit volume will be lower in the
mixed culture than in the control culture.

3.8. Confrontation assay on agar medium (CFAA)

This method is frequently referred to as “dual plate assay” or “dual
culture assay” because two microorganisms are inoculated on the same
agar plate. However, this terminology is misleading because two or-
ganisms are also cultured together in most other methods. In CFAA, one
organism (culture) is the yeast to be tested for antagonistic effect and the
other organism (culture) is the indicator (usually a filamentous fungus)
that forms a continuously extending colony able to gradually colonise
the entire plate when cultivated alone (Fig. 3). The latter grows on the
top of the yeast colony if the yeast cells do not inhibit the extension of its
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Fig. 3. Confrontation assay on agar medium (CFAA). A-D. Yeast strains (red) can be inoculated as patches or as lines. The mycelial indicator is grey. Modes of
interactions: no antagonism (1 in A, A1 and B), contact inhibition (2 in A, A2 and C) and antagonism by released inhibitor (3 in C, A3 and D). Yeasts: Rhodotorula
glucinosa (A1), Metschnikowia pulcherrima (A2) and Mycosaarcoma aegypticum (A3). Indicators: Alternaria alternata (A1), Penicillium expansum (A2) and Aspergillus

niger (A3).

hyphae (Fig. 3A1). If the yeast is antagonistic against the fungus, the
mycelium doesn't grow on the yeast colony. If the yeast cells release an
agent that inhibits (either directly or indirectly by competition for a
nutrient) the growth of the fungus, it halts the growth of the mycelium at
distance from its colony (Fig. 3A3). If the inhibition is only partial, the
extension of the mycelium is not stopped, it only becomes thinner. The
yeast can also stop the extension of the mycelium by physical contact
with the mycelium at the edge of its colony (the fungus does not grow on
the top of the yeast colony) (Fig. 3A2). This mode of inhibition is
referred to as contact inhibition. Since CFAA is very popular and the
literature on its application is immense, only a few arbitrarily selected
examples of recent publications will be cited here.

The tests can be carried out in various experimental set-ups. (a) A
block of mycelium (or a mycelial disc) cut from the growing part of the
mould colony is placed (upside down) in the centre of the plate and
loopful amounts of the yeast culture (or cultures) is (are) inoculated as
patch(es) at a certain distance around it (e.g. Sipiczki, 2016; Cordero-
Bueso et al., 2017; Sipiczki and Selim, 2019) (Fig. 3A). (b) The fungus is
inoculated on the plate and the yeast is inoculated as a line on one side
(e.g. Raspor et al., 2010) (Fig. 3B-D) or as two lines on both sides of the
block (e.g. Shude et al., 2022) or in a triangular format around the block
(Mekbib et al., 2011). Instead of using a mycelium block, a sample of
conidia can also be applied (e.g. Pereyra et al., 2021). (c) When the yeast
is dimorphic and forms a radially growing mould-like culture (e.g.
Aureobasidium, Galactomyces/Geotrichum), its antagonistic effect is usu-
ally manifested by halting the extension of the indicator fungal colony
when its growing edge encounters the growing edge of the indicator
fungus (contact inhibition) (Sipiczki and Hrabovszki, 2023) (Fig. 4A and
B). The yeast colony can also reduce the growth rate of the fungus
without releasing an inhibitory agent or being in physical contact with
it, for example due to the depletion of the medium of a nutrient. How-
ever, this effect is not necessarily antagonism because, in many fungi,
the colonies of the same strain can also stop each-other's growth (Fig. 4C
and D).

3.9. Trap assay (TRAP)

Alawn is prepared from the yeast on an agar plate. The sterile mouth

(3-4 cm in diameter) of a chipped-mouth Erlenmeyer flask (or beaker) is
gently pressed onto the lawn and then onto a fresh agar plate to create a
broken-circle (semicircle) print of the yeast culture. The imprint will not
be a full circle; it remains open where the flask mouth is chipped. Then
an agar block cut from the mycelium of the indicator microorganism is
placed in the centre of the circle or an aliquot of the suspension of its
conidia is dropped into the centre (Fig. 5). If the yeast has an antago-
nistic effect, the mycelium of the indicator microorganism will stop
growing at a distance from (or at the edge of) the yeast semicircle. But it
can escape from the trap between the ends of the semicircle. The dif-
ference between the diameter of the indicator colony in the trapped part
and in the escape part shows how efficient the yeast is in growth
inhibition.

4. Assays in liquid media (liquid co-culture assays)
4.1. Co-culturing of planktonic cells (CPPC)

This method is used to examine antagonistic interactions between
microorganisms propagating by producing planktonic (free-swimming)
cells in liquid media. A yeast strain can be tested for antagonism against
other yeasts or bacteria in a liquid medium (e.g. Rajkowska et al., 2012;
Csoma et al., 2020; Hicks et al., 2021). The medium is inoculated
simultaneously both with the yeast to be tested and with the indicator
strain (e.g. in 1:1 proportion) and the mixed culture is incubated at
continuous agitation to prevent sedimentation of any of the partners.
Samples are taken at regular time intervals and the proportion of the
partners is determined either by microscopic observation (e.g. yeast cells
vs. bacterium cells) or by plating diluted aliquots on agar media to
obtain individual colonies. If the partners differ in colony morphology,
their proportion can be determined by counting the different colonies. If
the partners differ in the utilisation of different nutrients, their pro-
portion can be determined by spreading aliquots on media containing
different supplementations. For example if the partners are different
yeast species, they can be differentiated on the basis of their different
abilities to utilise certain sugars as carbon sources. If one strain assim-
ilates galactose but does not assimilate melibiose and the other strain
assimilates melibiose but does not assimilate galactose, their proportion
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Fig. 4. Confrontation assay on agar medium (CFAA). A. Galactomyces (y) halts the extension of the Botrytis mycelium (i). B. Aureobasidium (y) reduces the growth of
Penicillium (i). C and D. “selfantagonism” of an Aureobasidium and a Penicillium strain.

in the mixed culture can be determined by spreading equal volumes of
samples simultaneously onto a medium containing galactose and onto a
medium containing melibiose instead of glucose as carbon source
(Csoma et al., 2020). If the indicator organism is a bacterium, the
samples are spread on a yeast-specific medium (containing an antibac-
terial agent) and a bacterium-specific medium (supplemented with
antifungal antibiotics) (Rajkowska et al., 2012). However, changes in
their proportion do not necessarily mean antagonism because their
growth rates can be different even in pure cultures. Therefore, the
growth of both strains is also monitored in pure cultures as controls. Co-
culturing can be done in larger volumes and in microplate wells.

4.2. Co-culturing of planktonic yeast cells and a hyphal indicator
organism (CPHC)

When the indicator organism is a filamentous fungus, its growth
cannot be monitored by cell counting. Instead, the change of the size of
the mycelium is examined (e.g. Liu and Tsao, 2009; Ghanbari et al.,
2019; Ferraz et al., 2021). The liquid medium is inoculated simulta-
neously with yeast cells and the conidia of the mould. The mixed culture
is then incubated on a shaker at least until the yeast culture reaches the
stationary phase. If the presence of the yeast cells is not inhibitory to the
mould, the conidia germinate and form a mycelial mass visible as
swimming pellets (pads, mats) in the medium and a ring on the wall of
the flask. If the fungus does not form conidia, an agar block cut from the

growing part of the mould colony is placed into the liquid medium. After
incubation on a shaker for the proper period of time, the yeast culture is
decanted and the size of the mycelium around the block is compared
with the size of the mycelium formed in the yeast-free control. If the
medium is not agitated, the mould forms colonies on the surface, whose
size can be compared with colonies on the control (yeast-free) culture.
Tests can also be carried out in microplates but in this case growth can
only be evaluated visually.

4.3. Culture filtrate assay in liquid medium (CFAL)

The cell-free filtrate of the yeast culture is tested for antagonism by
mixing it with conidia or cells of the indicator microorganism (e.g.
Spotti et al., 2009; Ntnez et al., 2015). The test can be performed in
microplates (small volumes) or in agitated flasks (larger volumes). In the
former case the growth of the indicator organism is monitored by
measuring optical density. In the latter case the change of the weight of
the centrifuged pellet (when the indicator forms planktonic cells) or the
size of the mycelium is monitored.
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Fig. 5. Trap assay (TRAP). The yeast (Metschnikowia) semicircle traps the Botrytis mycelium (A), but does not stop the growth of Aspergillus (B). Both indicator fungi

can escape from the trap between the ends of the yeast semicircle.

5. Assays on natural substrates
5.1. Protection assays on plant material

5.1.1. Protection assays on wounded plant material (PWPM)

In these tests the interactions of the yeast and an indicator are tested
in artificially formed wounds on the surface of live plant material (fruits,
leaves, tubers, seed, plantlets, etc.). The wounds are artificially infected
with both microorganisms. The yeast and the indicator can be applied
simultaneously or in different time points to emulate real situations.
When the yeast is applied first, its cells can colonise the wound by the
time of the application of the indicator (disease prevention test) (Gui-
nebretiere et al., 2000; da Cunha et al., 2018). By applying the pathogen
first, the curative power of the yeast is tested (disease curation test)
(Platania et al., 2012; da Cunha et al., 2018). The yeast and the indicator
can be applied in several ways: by direct injection of aliquots of sus-
pensions of both microorganisms into the wounds, by submersion of the
wounded plant material into suspensions of cells (conidia in the case of
fungi), by spraying the wounded plant material with suspensions and by
combining these procedures.

5.1.1.1. Injection into wounds. The plant surface (e.g. fruit, leaf, tuber)
is disinfected by washing with a solution of an antimicrobial agent (e.g.
sodium hypochlorite, 70 % ethanol) to inactivate the natural surface
microorganisms and then rinsed with sterile water to eliminate the rest
of the disinfectant. The disinfected surface is wounded (e.g. with a
sterilised needle, awl, cork borer, knife, micropipette tip) and samples
(usually 5-20 pl) of the suspensions of cells (and/or conidia) of both
microorganisms are pipetted into the wounds. The indicator is a path-
ogenic organism that can evoke rotting or necrosis in the plant tissues
around the wound. The controls are injected with equal volumes of
sterile water or only with the suspension of the yeast (to prove that it is
not pathogenic) or only with the suspension of the indicator (to monitor
the progression of the disease in the absence of the yeast). The radial
growth of the disease lesion around the wounds is monitored for a time
period depending on the plant type. If the yeast has an antagonistic

effect, the lesion appears with delay in its presence around the double-
inoculated wounds and/or the diameter of the lesion is smaller.
Example references: Piano et al., 1997; Vero et al., 2013; Zhao et al.,
2021; Lanhuang et al., 2022; Steglinska et al., 2022.

5.1.1.2. Immersion/dipping. To test the yeast for antagonism, the ma-
terial to be protected against the pathogenic indicator is disinfected and
immersed/dipped into suspensions containing the yeast cells and the
cells/conidia of the indicator. The immersion can be carried out by using
a mixed suspension or by applying successively a pure suspension of the
yeast and a pure suspension of the pathogen (Perez et al., 2019). The
controls are dipped in sterile water or only in the yeast suspension or in
the suspension of the indicator. The incidence of lesions and the size of
the lesions on the double-treated and on the indicator-treated material
are monitored and compared. Both intact and wounded plant material
can be used (Marsico et al., 2021).

5.1.1.3. Spraying. The material to be protected is sprayed with the
suspension of the yeast cells and, after the surface turns dry, with the
suspension of the cells or conidia of the indicator. The controls are
sprayed with sterile water or only with the yeast suspension or only with
the indicator suspension. The incidence of lesions and the size of the
lesions on the double-treated and on the indicator-treated material are
monitored and compared (Shude et al., 2022; Yan et al., 2022). Never-
theless, it has to be borne in mind that the inhibitory activity of the
tested yeast is concentration-dependent (Yan et al., 2022). It is worth
mentioning that Shude et al. (2022) found a perfect correlation between
the biocontrol efficacy of two epiphytic yeasts against Fusarium in in-
vitro and in-vivo evaluations.

5.1.1.4. Combination of immersion and injection. The disinfected fruits
or tubers are dipped in the yeast suspension. They can be wounded
before or after dipping. The wounds are then filled with 5-20 pl of
suspensions of cells/conidia of the indicator organism. The wounds of
the controls are filled with equal volumes of sterile water. The devel-
opment of the lesions is monitored on the indicator-inoculated and on
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the control material and the incidence of disease and the size of lesions
are compared (Cordero-Bueso et al., 2017; Marsico et al., 2021; Nand-
hini et al., 2021; Steglinska et al., 2022). Alternatively, the indicator is
filled first into the injuries, and the infected material is dipped in the
yeast suspension.

5.1.1.5. Combination of immersion and spraying. The disinfected fruits
(intact and wounded) are dipped in the suspension of the yeast cells as
described in the previous paragraph, and after drying, their surface is
sprayed with the suspension of the indicator. The percentage of the
wounds showing the disease symptoms and the size of the lesions are
compared on the sprayed and unsprayed fruits (Zahavi et al., 2000).

5.1.2. Protection assays on plant organs (PPO)

5.1.2.1. Leaf and leaf-disc assays (PPO-L). The antifungal activity of
yeasts against pathogens causing plant leaf diseases can be tested in-situ
on leaves or in the laboratory on leaf discs. In the former case, suspen-
sions of the yeast cells, the conidia of the pathogen (indicator) and their
mixture are pipetted on the under-surface of different leaves of vitro-
plants. The development of the disease symptoms is monitored on the
three sets of leaves and the percentages of leaves showing the symptoms
of the disease are compared (Masih and Paul, 2002). In the latter case,
the leaves are removed from the plant and surface sterilised (e.g. by
immersion in NaOCl solution or 70 % ethanol) followed by three rinses
in distilled water. Discs are cut from the surface-sterilised leaves and
placed on sterilised moist filter paper in Petri dishes. The leaf discs are
inoculated with aliquots of the suspension of yeast cells, indicator con-
idia and their mixture. The appearance of the disease symptoms and the
progression of the lesions are compared in the three sets of discs (Buck,
2002). In both methods, the control leaves remain non-inoculated.

5.1.2.2. Flower assay (PPO-F). Organs of flowers can also be targets of
pathogens. To identify yeasts effective against diseases caused by these
pathogens, the antagonism tests have to be carried out on flowers.
Healthy flowers are placed in sterile glass tabs or plastic boxes with the
stems inserted in micro-centrifuge tube racks (or in holes of synthetic
foam) over sterile distilled water. To inactivate most of the surface
microbiota, the flowers are shortly illuminated with a germicidal lamp.
A set of flowers is treated with yeasts by applying aliquots of their sus-
pension on the petals. A subset of the yeast-treated flowers and a set of
untreated flowers are then sprayed with the suspension of the conidia of
the pathogenic indicator. The control flowers are sprayed with sterile
distilled water. The efficiency of the yeast antagonism is shown by the
difference between the disease incidences in the two groups of flowers
sprayed with the pathogen (Lopes et al., 2015).

5.1.2.3. Tests on plantlets (PPO-P). The test of the yeast for antagonism
against the indicator organism is carried out on young plants (seedlings)
by surface treatment. Both the yeast and the indicator are applied onto
the surface of the seedlings. The seedlings are sprayed with a suspension
of the yeast cells and afterwards with a suspension of cells/conidia of the
indicator pathogen (Gafni et al., 2015). The infection with the pathogen
can also be done by placing agar blocks overgrown by its mycelium on
the yeast-treated and untreated (control) plant surfaces (Wachowska
and Borowska, 2014).

5.1.2.4. Tests on roots and germinating seed (PPO-R). Yeasts can be
tested for antagonism against root-infecting pathogens in hydroponic
cultures and in soil.

In the former method, seedlings grown in a liquid culture medium
are used (Fernandez-San Millan et al., 2021). To facilitate the entry of
the microorganisms in the plant tissues, the tips of their roots can be cut.
Then the seedlings are transferred into flasks or tubes containing a
sterile culture medium so that the roots are submerged in the medium. In
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the tubes, the medium is supplemented with yeast cells (test of the yeast
for pathogenesis) or cells/conidia of the indicator microorganism
(infection with the pathogen) or with their mixture (test of the ability of
the yeast to protect the plant against the pathogen). The efficiency of the
anti-pathogen activity of the yeast is evaluated by comparing the inci-
dence and/or severity of the disease in the latter two groups of seedlings.
Alternatively, the treatments can be carried out in sterilised soil or in an
artificial substrate (Lara-Capistran et al., 2020).

Several methods have been described for testing the yeasts for root
protection in soil. In one of the methods the antagonistic effect was
tested by monitoring the germination of seeds sown into soil pre-treated
with yeasts (El-Tarabily, 2004). Pre-treatment was done by mixing soya
bean bran colonised by the yeast with dry soil grains. The mixture was
then watered to allow the yeast cells to propagate. After several days of
incubation the yeast-treated soil was re-mixed with the conidia of the
indicator pathogen. Surface-sterilised seeds were sown into this soil and
into soil treated only with the pathogen. The percentages of successful
seed germination and healthy plants were compared in the two types of
soil to enumerate the efficiency of the yeast to protect the plants against
the pathogen.

In another method, young plants grown in soil were infected by
dipping their roots in a suspension of the indicator pathogen and
transferred in pots containing wet autoclaved substrate (soil). The pots
were then watered with a yeast suspension or sterile water. The growth
of plants and the development of the disease symptoms in yeast-treated
and control plants were monitored and compared (Fernandez-San
Millan et al., 2021). When interpreting the results, it has to be taken into
consideration that the yeast cells decompose in the soil and may also
have a fertilising (growth-promoting) effect.

Antagonistic tests were also done by seed pre-treatment. The dis-
infected grains (e.g. by sodium hypochlorite) were dipped in (or soaked
with) a suspension of yeast cells or in a suspension of fungal (indicator)
conidia for longer periods of time. After drying, they were dipped
(soaked) in the suspension of the other microorganism. The order can be
yeast-then-pathogen (Medina-Cordova et al., 2016) or vice versa (Lim-
tong et al,, 2020). The double-treated, pathogen-treated, and non-
treated seeds were sown in sterilised soil and incubated in greenhouse
for a period of time appropriate for the test plant cultivar. The efficiency
of the protective power of the yeast treatment was evaluated by
comparing the numbers of germinating seeds, the incidence and the
severity of the disease in the double-treated and pathogen-treated
populations of plantlets. The germination efficiency can also be deter-
mined by incubating the seeds on wet sterile filter paper.

5.1.3. Assays on fruit blocks (FBA)

This method was used to test yeasts, which had previously been
found antagonistic against post-harvest fungal diseases, for antibacterial
antagonism against food-borne pathogens (Leverentz et al., 2006). The
yeast suspension was pipetted onto apple tissue plugs stored in sterile,
capped glass tubes. Then an equal volume of bacterial (indicator) sus-
pension was filled in the tubes. The control plugs were only treated with
bacteria. After various periods of incubation, the growth intensity of the
bacteria and the yeasts was compared by plating out diluted samples of
the microbial populations of the tubes on bacterial and yeast culture
media. If the yeast had antibacterial effect, the growth rate of the bac-
teria was lower in the mixed tube than in the control tube.

5.2. Assays on cheese (ChA)

Long-lasting dairy products are usually colonised by complex fungal
communities that are important quality determinants for certain cheeses
but can be detrimental to other cheeses. The propagation of spoilage
fungi can be prevented or at least delayed by yeasts that can be co-
components of the natural cheese microbiota. Several methods have
been elaborated for the identification of yeasts having antagonistic ef-
fects against cheese-spoiling fungi. The tests can be carried out on the



M. Sipiczki

surface of non-sterilised slices (blocks) of hard cheese or on plates of
sterilised soft cheese or on cheese-agar plates. When hard cheese slices
are used, wells are cut into the slices which are then filled individually
with a suspension of the yeast cells, a suspension of the conidia of the
indicator fungus and a mixed yeast-fungus suspension. If the yeast is
antagonistic, fungal colonies are formed with delay (or not at all) around
the wells inoculated with the mixed suspension (Liu and Tsao, 2009).
When the cheese is soft, it can be autoclaved and then filled in a sterile
Petri dish to create a cheese plate (Sipiczki and Hrabovszki, 2023). The
yeast and the indicator fungus are then inoculated on the plates in
spatial arrangements described in paragraph 3.8. Sterile plates can also
be prepared from hard cheese. For this, gratings of the cheese are mixed
with components of an agar medium, autoclaved and poured into sterile
Petri dishes (van den Tempel and Jakobsen, 2000).
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5.3. Assays on dry-cured/fermented meat products (MBA)

Blocks are cut from the ham or sausage and their surface is dis-
infected e.g. by dipping in ethanol and flaming. The surface-disinfected
blocks are placed in sterile Petri dishes and spread with suspended yeast
cells. Aliquots of the suspension of the indicator fungal conidia are then
spotted on the top of blocks. The control blocks are only inoculated with
the fungus. After various periods of incubation, the surface microbiota is
washed off, and diluted samples of the suspensions are spread on plates
of culture media to compare the numbers of fungal colony-forming units
on the two types of blocks (Simoncini et al., 2014). Alternatively, the
blocks/slices of the dry-cured/fermented meat product can be sprayed
with suspensions of yeasts, conidia and their mixture. After incubation,
the extent of colonisation of the slices by the fungus (the mould load) is
determined by real-time quantitative PCR using primers targeting a

Fig. 6. Microscopic examination of antagonistic effect (agar plate assay). A. Yeast colony (y) growing on agar plate spread with conidia of the indicator fungus (i). B.
Antagonistic effect of the yeast colony on the germination of conidia (B1), the elongation of germ tubes (B2 to B4) and the growth of hyphae (B5). The yeast is

M. pulcherrima, the indicator is Botrytis cinerea. Stars mark lysing hyphal tips.
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specific gene of the fungus (Ntnez et al., 2015). If the growth of the
fungus is adversely affected by the yeast, the RT-PCT test will detect less
fungal DNA in the double-treated samples.

6. Microscopic methods

In these methods the effect of the yeast cells is examined by the
microscopic observation of the morphological changes of the indicator
organisms. Microscopic methods have been mainly applied to the ex-
amination of the response of moulds and dimorphic fungi to the pres-
ence of yeast cells. Aberrations in the germination of conidia and the
growth of hyphae can easily be detected and monitored under the mi-
croscope. The tests can be carried out both in liquid media and on the
surface of media solidified with agar.

6.1. Spore (conidium) germination assay on agar plate

The suspension of the conidia of the indicator organism is spread out
on an agar plate. After drying, the yeast is inoculated in the centre of the
plate (either by smearing cells with a loop or by dropping a dense sus-
pension). The plates are incubated at the appropriate temperature and
the conidia are examined under a microscope at time intervals (Fig. 6). If
the yeast has an antagonistic effect, the conidia do not germinate in the
vicinity of its colony, or the germination tubes dye off (Sipiczki, 2006). It
is also worth to observe the morphology of the hyphae at the edge of the
inhibition zone because the morphology of the hyphal tips can provide
clues to the mode of the inhibition of hyphal growth (e.g. tip lysis,
Fig. 6Bs). If the yeast cells do not grow fast, the test can be carried out by
spreading out the two organisms mixed on the plates (Cabanas et al.,
2020). The interactions of the yeast and the indicator fungus can also be
examined on plates of a confrontation assay (CFAA). However, in this
case the colonies have to be washed off from the plates to make the
plates transparent for microscopic observation (Zhang et al., 2010).

6.2. Spore (conidium) germination assay in liquid medium

A suspension of yeast cells and a suspension of the conidia of the
indicator fungus are prepared separately in a liquid medium. Parts of the
suspensions are mixed in various proportions. All suspensions are then
incubated. At intervals, aliquots are taken from the mixed culture and
the culture of the conidia for microscopic comparison. If the conidia do
not germinate in the mixed culture or their germination is slower than in
the pure indicator culture, the yeast is antagonistic. The tests can be
performed in larger volumes of the medium (e.g. in agitated Erlenmeyer
flasks, test-tubes or centrifugation tubes) (e.g. Pan et al, 2022;
Podgorska-Kryszczuk et al., 2022; Zhao et al., 2021; Hassan et al., 2021;
Ruiz-Moyano et al., 2016) or in wells of tissue culture plates or micro-
plates (Maluleke et al., 2022; Perez et al., 2019). When the cultures are
agitated, the conidia frequently form clumps, which can prevent the
accurate determination of the degree of antagonism. This problem can
be circumvented by using excavated microscopic slides (Nally et al.,
2015) or by incubation of thin layers of the cultures in Petri dishes
without agitation.

A specific liquid assay method examines the interaction of physically
separated partners. The yeast suspension is filled in a well of a tissue
culture plate, and the suspension of the conidia of the indicator fungus is
filled in a polystyrene cylinder which is sealed at the bottom with a
membrane permeable for the components of the medium but not for
microorganisms. The cylinder is placed in the well. After the appropriate
period of incubation, the cylinder is removed from the well and the
conidia settled on the membrane and their germ tubes are examined
microscopically (Janisiewicz et al., 2000; Di Francesco et al., 2017).

7. Tests for antagonism by VOCs (volatile organic compounds)

Over the last years rapidly increasing numbers of studies have
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reported on the involvement of volatile organic compounds (VOCs) in
the antifungal antagonisms of yeasts (for a recent review, see Oufensou
et al.,, 2023). The cells of many yeast species turned out to release
compounds in the air that adversely affect the growth of other organisms
when both are cultured in the same closed air-space. Several methods
have been developed for detecting VOC-mediated antagonisms in yeast
cultures. In all laboratory tests, the yeast and the indicator organism are
cultured in a closed common airspace but physically separated from
each other to prevent interactions between them by means of non-
volatile agents (Fig. 7). The airspace is usually tightly closed to pre-
vent VOCs leakage. If the indicator organism grows more slowly in the
presence of the yeast colony than in its absence, the yeast is considered
antagonistic. However, it is usually overlooked that the slower growth of
an aerobic indicator (e.g. many moulds) can also be attributed to the
faster exhaustion of oxygen when the space is shared by two organisms
than when only the indicator is present (Fig. 7B and C). Another
consequence of oxygen depletion is that the yeast switches from respi-
ration to fermentation in which it may produce volatile metabolites that
are not produced in real-life bioprotection situations. Co-culturing in
closed air-space is not suitable for testing aerobic (e.g. basidiomycetous)
yeasts for VOC-mediated antagonism.

7.1. Double-plate assay (DP-VOC)

This method (Fig. 7A) is also called “double-dish system” (DDS)
(Tejero et al., 2021) and “mouth-to-mouth method” (Medina-Cordova
et al., 2016). The yeast and the indicator microorganism are inoculated
on the surface of agar plates in different Petri dishes. The lids of the
dishes are removed and the bottom parts of the dishes containing the
agar plates are placed on top of each other so that the inoculated sur-
faces of their plates are turned towards each other (face-to-face). The
dishes stacked in this way create a closed air-space in which the volatile
compounds can diffuse between the two physically separated cultures.
To prevent the released VOCs from leaving the space, the dishes are
sealed with layers of Parafilm. The yeast can be inoculated on the plate
as a spot smeared by a loop or as a drop of suspension. More intense VOC
release can be achieved by spreading yeast cells on the entire surface of
the plate. The indicator organism, usually a fungus is inoculated in a spot
(e.g. by placing an agar block cut from a plate covered by the mycelium
of the fungus) around which a colony can be formed by radial growth. In
the control pair of plates the counterpart of the yeast-inoculated plate
remains non-inoculated (sterile). The growth of the fungal colonies is
monitored in both plate pairs. Faster growth in the control indicates that
the yeast cells release volatile compounds that have adverse effect on the
growth of the fungus. As high number of studies applied this method,
only selected recent references are cited here (e.g. Indratmi et al., 2016;
Konsue et al., 2020; Choinska et al., 2020; Marsico et al., 2021; Oztekin
and Karbancioglu-Guler, 2021; Zou et al., 2022). To identify the inhib-
itory compound, samples can be taken from the air-space separating the
plates and subjected to an analysis by gas chromatography (e.g. Ruiz-
Moyano et al., 2020).

7.2. Split-plate assay (SP-VOC)

VOCs production can also be detected on split plates (e.g. Lopes
et al., 2015; da Cunha et al., 2018; Yan et al., 2022) (Fig. 7E). The agar
medium is poured into split (two-compartment or three-compartment)
Petri dishes. The yeasts and the indicator organism are inoculated into
different compartments. Since the airspaces of the compartments are
connected under the lid of the dish, the VOCs of the yeast culture can
diffuse into the compartment of the indicator colony. No yeast is inoc-
ulated in the control plate. The dishes are then sealed with Parafilm. The
growth of the indicator colony in the presence and in the absence of a
yeast colony is compared.
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Fig. 7. Tests for antagonism mediated by VOCs (volatile organic compounds). A-D. Double-plate assay (DP-VOC). Reduced growth rate of the indicator in closed air
space is not necessarily VOC-mediated antagonism: the indicator colony grows equally poorly over the yeast lawn (B) and over itself (C). E. Split-plate assay (SP-
VOCQ). F. Double-slant-agar (vial) assay (Vial-VOC). G. Plate-on-Plate assay (PP-VOC). H. Assays on fruit blocks (F-VOC). Tested yeast is marked with y; indicator

organism is marked with i.
7.3. Double-slant-agar (vial) assay (Vial-VOC)

Cultures of microorganisms can be maintained on the surface of
slanted agar medium (agar slants) in a test-tube or in a capped vial. In
this assay a capped vial containing two physically separated agar slants
facing towards each other (Fig. 7F) is used to test a yeast culture for the
ability to reduce the growth rate of the indicator microorganism through
the air. The yeast is inoculated on one side (on one slant agar) and the
indicator microorganism is inoculated on the other side (on the other
slant agar). In the control vial the yeast is missing. After closing the vials
with caps, the growth of the indicator colonies is monitored in both
vials. If the presence of the yeast on the slant reduces the growth rate of
the indicator organism on the other slant, then its cells are likely to emit
inhibitory VOC(s) (Maluleke et al., 2022) or create a low-oxygen
atmosphere.

7.4. Plate-on-Plate assay (PP-VOC)

In this method a larger Petri dish and a smaller Petri dish are used
(Tongsri and Sangchote, 2009; Zou et al., 2022) (Fig. 7G). Agar plates
are prepared in both dishes. The yeast cells are spread on the plate of the
larger dish, whereas the indicator organism is inoculated in the centre of
the smaller plate. The latter dish is then placed on the surface of the
former and the two plates are covered with the lid of the larger dish.
Since the smaller plate is not covered with its own lid, the two cultures
share the same air-space. The larger dish is then sealed with Parafilm. In
the control pair of dishes no yeast cells are spread onto the larger plate.
The growth of the indicator is compared in the two pairs of dishes.

7.5. Fruit assay of VOC-mediated antagonism (F-VOC)

Two methods have been developed to test yeasts for VOC-mediated
antagonism on fruits. In one of the methods (Huang et al., 2011; Chen
et al., 2018) fruits (intact or wounded) are placed in three plastic boxes.
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In two boxes the fruits are sprayed with the conidia or cells of the in-
dicator microorganism. Simultaneously, agar plates spread with yeast
cells are prepared in Petri dishes. The dishes are placed without being
covered by their lids in one of the boxes containing sprayed fruits. The
other boxes serve as controls. The boxes are then covered to maintain
high humidity (Fig. 7H). The fruits can also be infected by immersion in
the suspension of the indicator, or by injection aliquots of the suspension
into surface wounds. The incidence of symptoms and the development of
the disease are compared in the box containing yeast cultures and in the
control boxes. In the other method (Ruiz-Moyano et al., 2020) agar
plates are prepared in two sterilised plexiglass boxes. Cells of the yeast
strain are spread on one plate; the other plate remains non-inoculated.
The bottoms of two other boxes are perforated at multiple sites. The
fruits are placed into these boxes and sprayed with the indicator path-
ogen. The fruit-containing boxes are then placed on the top of the boxes
containing the agar plates and covered with their lids. Both box pairs are
sealed with Parafilm. The development of the disease is compared in the
two pairs to see if the presence of the yeast-inoculated plates can inhibit
the indicator pathogen.

8. Combinations of methods

None of the assays covered in this review can detect all types of yeast
antagonism against other microorganisms. Strains showing antagonistic
effects in an assay may prove to be non-antagonistic in a different assay.
For example, yeast strains that reduce the growth rate of the colony of a
fungus in a “indicator on yeast” (I0Y) assay may not inhibit the growth
of the fungus in a “yeast on indicator” (YOI) assay or in a CFAA
confrontation assay (e.g. Cordero-Bueso et al., 2017; Fernandez-San
Millan et al., 2021). Strains proving antagonistic in certain culturing
conditions may turn out to be neutral in other conditions. For example
when the antagonistic effect is due to fast consumption of a nutrient by
the yeast which is essential for the growth of the other microorganism,
the result of the assay depends on the composition of the medium (e.g.
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Guzzon et al., 2014; Sipiczki, 2016; Maluleke et al., 2022). A strain
showing no antagonism in laboratory tests can inhibit fruit rotting due to
its ability to form a biofilm on the wounds (Lei et al., 2022). The mycelia
of many mould strains stop growing when they get in physical contact
with the colonies of the dimorphic Galactomyces (Geotrichum) and Aur-
eobasidium species. But the colonies of these species can also inhibit each
other. In the VOC tests the slower growth of the fungal colony is auto-
matically attributed to volatile compounds released by the yeast cells
although it can also be due to the depletion of oxygen in the closed air-
space by their respiratory metabolism. Because the testing assays are
sensitive to the environmental conditions and differ in efficiency and
specificity, their combined application is recommended.

9. Conclusions

Because of the increasing demand of consumers for food products
protected from harmful microorganisms with biological agents, yeasts
have come to the forefront of attention due to the fairly widespread
incidence of antimicrobial antagonism among them. However, the
yeasts to be tested, the malevolent microorganisms to be combatted and
the plants or food products to be protected against them are highly
diverse. Therefore a plethora of diverse identification methods have
been developed. Unfortunately, there is no universally applicable
(“best”) method among them and therefore different laboratories often
use different tests and assays. Because of the different specificity and
efficiency of the methods, the results are frequently not comparable, and
yeast strains found active against an indicator organism in one test may
not show significant activity against the same organism in another assay.
Besides, numerous methods can lead to false positive results if processes
not related to antagonism are ignored (e.g. oxygen consumption in VOC
tests, different growth rates in liquid media or the effect of general
nutrient depletion in the medium in confrontation tests and the IOY
tests). To avoid methodological pitfalls, it is advisable to test the yeast
strains with two or even more methods. However, it has to be stressed
that the laboratory tests covered in this review are only suitable for
screening the strains for antagonistic activity. There is no guarantee for
correlation between the laboratory results and the suitability of the
antagonistic yeast strains for bioprotection. Further tests performed
under technological conditions will show which strains can be used as
bioprotective agents. These tests are beyond the scope of this review.
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