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Use of molds and their antifungal proteins for biocontrol
of toxigenic molds on dry-ripened cheese and meats =
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Traditional dry-ripened foods require the contribution of molds
to achieve their particular flavor, but ripening conditions favor
growth of spoilage and toxigenic molds. To control unwanted
molds, physical and chemical methods are not appropriate for
these foods. Lactic acid bacteria are not adequate for the low
water activity at the food surface where molds grow. Yeasts are
not very effective by themselves to prevent mycotoxins in dry-
ripened foods. Molds producing antifungal proteins offer a
quite promising means to combat unwanted molds. However,
their performance on dry-ripening foods is yet to be tested. The
microbial ecology of the ripened food has to be carefully
considered, paying special attention to the effect on mycotoxin
metabolism.
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Introduction

Mold-ripened foods can be found all over the world, being
cheeses and meats the primary products in many coun-
tries. T'raditional processing is characterized by long
ripening times under natural environmental conditions,
where molds are allowed to grow on the food’s surface
throughout the ripening process. Highly appreciated
cheeses and ripened meats are commonly made of un-
pasteurized milk or raw meat, so that endogenous
enzymes can play their key role in ripening. In addition,
fungal enzymes are essential for proteolysis and flavor
development in high quality products. The environmen-
tal conditions in cellars force the food to lose moisture
throughout ripening, thus exerting a strong selective
pressure on the microbiota. Temperature, pH, and, most
importantly, water activity («,) changes may favor un-
wanted molds growth. Uncontrolled fungal populations
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lead to both spoilage and health hazards due to mycotox-
ins. Therefore, controlling fungal growth is a must for dry-
ripened meats and cheese.

Among the means to combat unwanted molds, physical
treatments can be instantly effective against molds. How-
ever, these methods destroy endogenous enzymes and
microbiota, thus making them unsuitable for dry-ripened
raw foods. Modified atmosphere storage or packaging
greatly impairs fermentation, leading to off-flavor forma-
tion in mold-ripened foods. Chemical preservatives are
efficient and cost-effective antifungal means, but they are
against claims for ‘natural’ or ‘traditional’ products and
raise concern about health risks. In addition, all these
methods have the drawback of not being selective against
toxigenic molds, but inhibiting desirable molds too. Their
use at the end of processing would not be satisfactory for
dry-ripened meats and cheese, due to the fact that pre-
formed mycotoxins are not efficiently destroyed by phys-
ical or chemical treatments.

Microorganisms provide an additional tool against un-
wanted molds. Bacteria, yeasts, and molds are not as
effective as physical or chemical antifungals, but con-
trolled microbial populations respond to consumer health
issues. Therefore, preventing growth of mycotoxigenic
fungi in mold-ripened foods requires taking the advan-
tages of an adequate combination of different strategies
according to the stage and environmental parameters of
the processed food. The present work offers an insight
into the ecological strategy using microorganisms, focus-
ing particularly on the use of the recently described
antifungal proteins from molds.

Role of molds on dry-cured meats and
cheeses

The ecology of dry-cured meat products and ripened
cheese, particularly the low «,, at the surface, favor the
development of spontaneous fungal population. Thus,
molds commonly outgrow other microbial groups, domi-
nating the microbial population for most of the ripening
period. Molds are essential for different varieties of
cheese, including the well-known white surface, blue-
veined, and smear-ripened types. Penicillium camemberti
and Penicillium roqueforti are frequently isolated, but also
Aspergillus, Cladosporium, Mucor, Geotrichum, and Fusarium
spp. can be found [1-3]. Molds grow on these cheeses and
contribute to their flavor through lipolytic, proteolytic,
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and oxidative activities. Penicillium spp. are decisive for
the appearance, texture, and flavor development of mold-
ripened cheeses, leading to high production of ketones
and alcohols with a significant impact on the sensory
attributes [2,3].

In dry-cured meat products Penicillium is the prevailing
group during most of ripening [4-7]. Aspergillus and Euro-
tium spp. become dominant in products with prolonged
ripening process, especially as temperature increases and
a,, decreases [4,5,7]. Other genera found less frequently
are Mucor, Cladosporium, Scopulariopsis, Geotrichum, and
Alternaria [4,7]. Fungi also play a central role in the
development of the texture, flavor, and sensorial quality
of meat products. Molds promote proteolysis and lipolysis
increasing the concentration of peptides, free amino acids
and free fatty acids in dry-cured meat products [8,9].
These compounds are substrates for further reactions
leading to methyl branched oxy-compounds that contrib-
ute to the highly appreciated flavor of cured meats
[10,11]. In addition, fungi decrease compounds derived
from lipid oxidation, retarding rancidity during ripening
[8,12].

Therefore, molds are used as starter cultures in both
cheese and meat products. These cultures may also play
a role as biocontrol agents even though they had not been
selected by their ability to inhibit unwanted microorgan-
isms.

Detrimental effects of molds on dry-cured
meats and cheeses

Despite the beneficial effects of molds, their uncontrolled
growth can be responsible for food spoilage, allergies and
mycotoxin contamination. Molds growth on dry-ripened
foods has been associated with off-flavors and unpleasant
appearance. For example, Cladosporium oxysporum is re-
sponsible for black spot formation in sausages [13], and
Scopulariopsis brevicaulis or Mucor spp. lead to ammoniacal
odor and taste in cheeses [14].

I the same way, molds growing on ripened foods spread
into the air, which may cause respiratory diseases or
urticaria to workers [15,16]. Ingestion of moldy cheese
rind or dry-fermented sausages may cause allergic reac-
tions [17,18]. In addition, some strains of Penicillium
nalgiovense or Penicillium olsonii isolated from dry-cured
foods are able to produce penicillin [19,20]. If penicillin
was produced on foods, it would pose a threat to allergic
individuals.

Likewise, growth of mycotoxigenic molds on foods is a
serious potential hazard for consumers. Various species
isolated from dry-ripened foods are mycotoxin producers,
including Aspergillus flavus, Aspergillus ochraceus, Aspergillus
parasiticus, P. camemberti, Penicillium commune, Penicillium
expansum, Penicillium griseofuloum, Penicillium nordicum,

Penicillium  polonicum, P. roqueforti and  Penicillium
verrucosum. Although the environmental conditions need-
ed for mycotoxin synthesis are usually more restrictive
than those necessary for mold growth [21], ochratoxin A
(OTA), aflatoxins, patulin, citrinin, and cyclopiazonic acid
production on dry-cured meats have been reported [6,22—
24]. OTA produced by mold on surface of meat product
diffuses at least 5 mm into the inner tissues in few days
[24]. Some of mycotoxins, such as patulin, rapidly de-
crease after direct contamination of dry-cured ham, but
cyclopiazonic acid, citrinin and O'T'A are more stable [22].

Various mycotoxins can be produced by molds during
cheese-making, such as roquefortine C, PR toxin, peni-
cillic acid, patulin, mycophenolic acid, and penicillic acid
by P. rogqueforti; cyclopiazonic acid by P. camemberti; or
sterigmatocystin and ochratoxin by other Penicillium or
Aspergillus spp. [1,25].

Given that high mold counts are found in the air inside
food producing facilities and in raw materials, fungal
contamination of dry-ripened foods cannot be prevented,
but only minimized. Therefore, strategies to control
growth of toxigenic molds and mycotoxin production
on dry-ripened foods should be adopted. The use of mold
starter cultures has proved to be efficient for some fer-
mented sausages and white-surface mold cheeses, but
more complex strategies are required for foods with long
dry-ripening periods.

Biological control

Biological control using microorganisms is an emergent
alternative to efficiently control fungi and mycotoxin
production. For this purpose, lactic acid bacteria
(LLAB), yeasts, and molds found naturally in dairy and
meat products could be used (Table 1).

The wide antimicrobial spectrum of LAB has been at-
tributed to the synergistic actions of several low-molecu-
lar-weight compounds, including organic and carboxylic
acids, fatty acids, reuterin, hydrogen peroxide, phenolic
compounds, lactones, cyclic dipeptides, diacetyl, and
proteinaceous compounds [26,27]. The antifungal mech-
anism of action of most of these compounds remains
unknown. Reuterin causes oxidative stress to fungi
[26], whereas the supernatant from a culture of Lactoba-
cillus plantarum K35 containing lactic acid, indene, fatty
acids and other organic acids caused severe damage to cell
wall and cytoplasmic membrane of A. flavus and A. para-
siticus [27]. LAB also produce proteinaceous compounds,
such as defensin-like proteins, peptides with homology to
lacticin, or peptides derived from the proteolytic activity
of LAB against caseins [26]. Furthermore, some LLAB are
able to remove mycotoxins, including aflatoxins, OTA,
patulin and fumonisins, from different matrices by physi-
cal adsorption to the cell wall [28,29]. Lactobacillus spp.
and Lactococcus lactis have been proposed as bioprotective
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Table 1

Antifungal biocontrol agents and their mode of action.

Biocontrol Activity/active compounds Effect on toxigenic molds/mycotoxins Reference
agent
Lactic-acid Reuterin Oxidative stress [26]
bacteria
Low-molecular-weight Damage to the cell wall and cytoplasmic membrane, massive loss of [27]
compounds (lactic acid, cytoplasmic content, formation of membrane-bound vesicles, and
indene, fatty acids and destruction of organelles
other organic acids)
Cell wall compounds Mycotoxin adsorption [28,29]
Yeasts Competition for space Suppression the adherence of molds to food surface [37]
Competition for nutrients Consumption of limiting nutrients for toxigenic molds [38]
Volatile compounds Change gene expression, protein profile and the activity of enzymes [41]
Killer proteins Disruption of cytoplasmic membrane, block of DNA synthesis, inhibition [43,44,58]
cell wall synthesis, morphological changes
Lytic enzymes Degradation of hyphae, loss of cellular integrity, inhibition hyphal growth, [42,44]
leakage of cytoplasmic components
Cell wall compounds Mycotoxin adsorption [45,46°]
Yeast metabolism Biodegradation of mycotoxins [467]
Reduction in the expression of toxin-biosynthetic genes [45]
Molds Competition for space Reduction of growth [1,47]
and nutrients
Antifungal proteins Membrane changes, reduction of metabolic activity, oxidative stress, [62°]

and apoptosis

cultures for fresh cheese, raw meat, and raw smoked
sausages to delay and decrease fungal growth
[30,31°,32]. However, their limited resistance to interme-
diate ., values makes them unsuitable for foods sub-
jected to a long-ripening period, such as cheeses and dry-
cured meats.

Yeasts have been found throughout the ripening of dry-
ripened foods, and are involved in the generation of
volatile compounds contributing to the flavor of dry-rip-
ened foods [9]. In addition, some yeasts may retard mold
growth in dairy and meat products, due to competition for
space and nutrients, production of killer toxins, cell wall
hydrolytic enzymes, and volatile compounds [33-36]. Up-
on colonizing a food surface, fast-growing yeasts may
suppress the adherence of filamentous fungi to the surface
[37]. Additionally, yeasts could rapidly consume limiting
nutrients for toxigenic molds, thus retarding fungal growth
[38]. Yeasts also produce some volatile compounds, such as
alcohols, acids, and esters, which show antifungal proper-
ties [39,40°]. The antifungal effect of such volatile com-
pounds has been related to changes in gene expression,
protein profile and enzymes activity in sensitive fungi [41].
Certain killer proteins are effective against filamentous
fungi [42], interacting with components of the cell wall and
causing disruption of cytoplasmic membrane [43], or as
lytic enzymes that degrade fungal hyphae and spores [44].
Furthermore, some yeasts can reduce the mycotoxin con-
centration, which may be due to adsorption to cell wall,
degradation of mycotoxins, or reduction in the expression
of toxin-biosynthetic genes [45,46°]. Several yeasts, such as
Debaryomyces hansenii, Candida famata, Endomyces fibuliger,

and Candida zeylanoides have been proposed as protective
cultures, because they are able to reduce growth of ochra-
toxigenic molds and O'T'A accumulation in dry-cured meat
products [5,33,35].

Non-toxigenic molds could be used as potential protec-
tive cultures in dairy and meat products to prevent growth
of toxigenic molds and mycotoxin production, while
keeping the beneficial contribution of fungi to the ripen-
ing of dry-cured meat products. Penicillium chrysogenum
and P. nalgiovense are able to limit growth of mycotoxi-
genic molds in fermented sausages and dry-cured meats
[34,47]. However, the processing conditions and the
evolution of the protective mold starter culture should
be efficiently controlled [6]. In cheese, P. camemberti, P.
roqueforti, and Geotrichum candidum inoculated as ripening
cultures efficiently compete against toxigenic contami-
nants [1,14,25].

Antifungal proteins from molds

Some molds produce various peptides and proteins with
antifungal properties, including a group of small, basic,
and cysteine-rich antifungal proteins (AFPs) that have
been reviewed recently by different authors [48,49°°].
AFPs are a group of 5.5-10 kDa proteins produced by
molds from different genera ('T'able 2). AFPs are assumed
to share a compact B-barrel structure stabilized by 3 or
4 internal disulphide bridges, which makes them highly
stable to low pH, heat and proteolysis. The proteins
tested withstand temperatures up to 100 °C, pH values

from 1 to 12, and proteases usually added to foods
[50°,51].
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Table 2

Antifungal proteins produced by molds [49°°].

Producer mold Antifungal proteins

AcAFP, AcAMP
AFP, AFP\nsas3

Aspergillus clavatus
Aspergillus giganteus

Aspergillus niger AnAFP
Fusarium polyphilaidicum FPAP
Monascus pilosus MAFP1
Neosartorya fischeri NFAP

Penicillium brevicompactum BP
Penicillium chrysogenum PAF, Pc-Arctin, PQAFP

Penicillium citrinum PcPAF
Penicillium digitatum AfpB
Penicillium nalgiovense NAF

The mode of action of AFPs from molds is multifactorial,
following two different pathways [49°°]. First, AFPs can
either bind the cell wall or be actively internalized by
sensitive fungi. Then, AFPs can alter chitin synthesis
leading to cell death, or increase intracellular reactive
oxygen species (ROS) levels, which permeabilize cell
membrane and trigger programmed cell death and apo-
ptosis.

AFPs have shown mainly fungistatic activity against
sensitive molds. The short-length effect results in lower
mycotoxin production due to retarded growth. In fact,
proteomic studies with the PgAFP-sensitive A. flavus
revealed a lower relative quantity of some enzymes
involved in aflatoxin biosynthesis upon PgAFP exposure
[52°]. However, ROS induction may increase mycotoxin
production in the long term in partially inhibited molds,
given that oxidative stress activates mycotoxins biosyn-
thesis [53,54]. In addition, naturally resistant fungi may
respond against cellular stress caused by AFPs increasing
Rho protein levels, which via Pke/Mpk signaling activates
cell wall synthesis to successfully overcome inhibition
[55]. An overexpression of Rho protein, as a stress re-
sponse, has been linked to a higher mycotoxin production
[56]. Hence, more studies are required to unveil the role
of AFPs on mycotoxin production.

"The sole use of AFPs instead of the producing mold could
be desirable for surface mold-free foods. However, the
information on the antifungal effect of AFPs in foods is
quite limited. PgAFP retarded growth of Aspergillus and
Penicillium strains on dry-fermented sausages, but the
antifungal effect was time-limited [50°]. Repeated appli-
cations might be required to accomplish a long-lasting
effect during ripening. Conversely, high extracellular
cation concentrations minimize AFPs antifungal activity,
but particularly divalent calcium triggers an adaptive
response mediated via Ca®* signaling leading to increased
chitin synthesis in the sensitive mold [49°°,57]. For these
reasons, the sole use of AFPs is not expected to be very
active on cheese.

Conclusion

Due to consumers’ concerns about additives, reputable
dry-ripened meats and cheese manufacturers must con-
sider the ecological approach to control unwanted mold
growth and mycotoxin production. AFPs are able to
inhibit mycotoxigenic molds, but they usually have a
rather time-limited effect and their antifungal effect is
minimized by the presence of high concentrations of
divalent cations. Thus, complementary strategies are
required to effectively control unwanted molds in foods.
These strategies should be based on synergistic agents to
AFPs. Some microorganisms usually found in dry-ripened
foods such as LAB and yeasts have been proposed for this
purpose [33,40°]. Therefore, the combined use of AFPs
and these microorganisms seems to be a potential strategy
that deserves to be further studied. Taking advantage of
the antifungal potential of the various microorganisms
that grow on dry-ripened foods, including LLAB, yeasts
and fungi, is proposed as a natural cost-effective means to
obtain safe and full-flavored products.
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