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Cheese has been produced since ancient times and continues to be an
important nutrient-dense staple in many diets around the world. Cheese
quality is of high importance to consumers, and it is important for cheese
producers to establish process controls to prevent and control cheese
spoilage. Fungal spoilage is of particular concern to producers, as visible
mold growth on cheese is strongly rejected by consumers.

Currently, the most commonly used fungal preservative in the cheese industry
is natamycin. While very effective, products on which it has been applied
cannot be labeled as organic. Furthermore, the general trend towards “clean-
label” foods means that cheese producers are seeking alternatives to
natamycin.

To facilitate discovery of an organic and ‘clean-label’ mold inhibitor, a high-
throughput screening method was developed which was subsequently used
to screen potential inhibitors. This screening method utilizes analysis of time

series images of 96-well cell culture plates containing the application of



different mold inhibitors inoculated with relevant fungi to determine delays in
mold growth. Antifungal activity against cheese-relevant spoilage fungi was
discovered for each of the inhibitors screened: chitosan, clove essential oil,
and thymol.

A second high-throughput antifungal screening method was then developed,
based upon fluorescent staining of mold biomass as a proxy for mold growth.
The two high-throughput screening methods were compared, finding that the
fluorescent detection method was a more robust method for determining
antifungal activity of candidate mold inhibitors. This method was used to
complete a combinatorial screening of clove essential oil and thymol
combined with chitosan. Increased efficacy was found with inclusion of these
bio-active substances into chitosan, and findings were validated on
commercial cheese. The in vitro experiments (utilizing the fluorescent
screening assay) related well to in vivo studies on cheese. Test solutions of
thymol and clove essential oil combined with chitosan that displayed efficacy
in the screening experiment translated to a delay in mold growth when
applied to cheese. However, no alternative treatment performed as well as
natamycin.

Future work can utilize these screening methods to continue screening of
potential mold inhibitors. Expansion into novel and developing areas of
antifungals relevant to cheese such as bioprotective cultures and/or bio-active
peptides would be a suitable application to utilize the screening methods

developed in these studies. Further combinatorial treatment analyses, like



those performed in this study, would offer an increased likelihood of finding a
treatment solution with equivalent efficacy to natamycin, due to possible

synergistic or additive antifungal activity from different compounds.
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1. Literature Review

1.1 Cheese Production Process

The production of all types of cheese involves relatively the same general
process (Figure 1.1), with modifications implemented to create different
varieties of cheese. To begin the cheese making process, milk is first
pasteurized and standardized. In some traditional cheese making processes,
raw milk is used. In either case, the milk is then either acidified by cultures of
lactic acid bacteria and subsequently coagulated with the use of rennet or
coagulated with the use acid with or without heating. The coagulum is then
dehydrated by cutting, stirring, and heating and curds are separated from the
whey. Additional processes happen at this step that are variety specific.
Some varieties are salted and added to molds which are pressed to drain

whey. Ripened cheeses are aged to allow flavors and texture to develop.
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Figure 1.1 Cheese Production Process. Reprinted from Encyclopedia
Britannica Inc.

1.2 Types of Cheese

According to CODEX Alimentarius, Cheese may be classified according to (1)
Firmness, (2) Principal Ripening, and (3) Milk Fat Content. Firmness may be
designated as either: Extra Hard, Hard, Firm/Semi-Hard, or Soft according to
the moisture level (%) on a fat-free basis. Principal ripening may be
designated by: Ripened, Mold Ripened, Unripened/Fresh, or In Brine.
Ripened cheese is cheese that is not ready for consumption shortly after
manufacture but is held at specified conditions (like temperature and time)
allowing for biochemical and physical changes that create distinct
organoleptic properties (Tetrapak, 2015). Ripening is normally reserved for
rennet cheeses (Fox, 2017) and is further classified according to the type of
organism responsible for the production of metabolites creating such
changes, like mold. Unripened cheeses, most commonly those produced by
acid coagulation (Fox, 2017), are ready for consumption shortly after
manufacture. Milk Fat Content may be declared as: High Fat, Full Fat,
Medium Fat, Partially Skimmed, or Skim according to the fat content on a dry
basis. Types of cheeses according to their principal ripening and means of

coagulation are presented in Figure 1.2.
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Neufchatel Paneer Ranchero

Quark Mascarpone
Chevre

Cheddar Limburger Blue Camembert
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Swiss Esrom Stilton (int+ext)
Edam/Gouda Comté Danableu Saint André
Romano Port du Salut Rosenbourg
Provolone Tilsit Bleu d'Auvergne
Mozzarella Blue Shropshire
Parmesan
Muenster
Brick

Figure 1.2 Cheese Types. Reprinted from Cheese Science Toolkit
(https://www.cheesescience.org/cheese_types/)

1.3 Spoilage Challenges to Cheese Producers

Food spoilage is a major issue present in the food industry today. Up to one
third of all food is spoiled before consumption, representing about 1.3 billion
tons of food waste per year (Gustavsson et al., n.d.). Microbiological spoilage
of foods includes deterioration of food brought on by fungi (yeasts and molds)
as well as bacteria. Cheese producers utilize a variety of methods to assess
the degree of spoilage and employ many technologies to mitigate the extent
of spoilage.

1.3.1 Economic/Environmental Impact of Food Waste

Dairy foods are the third highest food group in terms of dollar value of food
lost at the retail and consumer level in the United States, with 17% of the total
value lost - behind only meat, poultry, and fish at 30%, and vegetables at 19%
(Busby et al., 2014). It is important to note that some dairy foods contribute

much more proportionally to these food losses. Extended shelf-life products


https://www.cheesescience.org/cheese_types/

like dried milk powders and UHT fluid milk contribute much less to food waste
compared with conventionally pasteurized fluid milk, cheese, and cultured
products (Martin et al., 2021). The implications of food spoilage are not only
profound from an economic loss standpoint for consumers and food
companies, but also regarding an environmental impact, and food and
nutritional insecurity (Papargyropoulou et al., 2014, Gunders et al., 2017).
Preventing and mitigating the amount of microbial spoilage of cheese, hence
extending the shelf life, is extremely important to alleviate costs to producers,
retailers, and consumers and helps to reduce the environmental impact of

cheese production/consumption (Lu & Wang, 2017).

1.4 Fungal Spoilage

Dairy products are typically less susceptible to fungal spoilage than other
products like fresh produce, due to pasteurization and storage at refrigerated
temperatures. Additionally, some dairy products like sour cream, yogurt, and
buttermilk are fermented and may contain competitive microbiota and a lower
pH that may reduce fungal spoilage (Garnier et al., 2017). However, fungal
spoilage is still a major problem in the dairy industry. While yeast may
contribute to fungal spoilage, most comes from growth of filamentous fungi
like molds. Up to 100 mold species have been identified in dairy product
spoilage. Those responsible for spoilage after commercial cheese production
are diverse and belong to many genera: Acremonium, Alternaria, Aspergillus,
Aureobasidium, Botrytis, Cladosporium, Epicoccum, Eurotium, Exophiala,

Fusarium, Gliocladium, Lecanicillium, Mucor, Penicillum, Rhizopus, and



Wallemia. In one study on commercial cheeses, Penicillium spp. were found
to be the most frequent spoilage mold present, occurring in 63% of cheeses
sampled, followed by Mucor spp. (27%) (Hymery et al., 2014). Another study
also found Penicillium spp. to be the most frequent spoilage mold present,
occurring in 45% of all cheeses sampled, followed by Aspergillus spp. in 11%
(Banjara et al., 2015). Penicillium, Aspergillus, and Mucor are the most
frequently reported spoilage genuses with 37, 9, and 4 species isolated from
cheese products, respectfully (Garnier et al., 2017).

Fungal spoilage in dairy products can manifest in many different forms, e.g.,
visible fungal growth, production of metabolites causing off odors/flavors, as
well as visible changes in color/texture (Garnier et al., 2017). Spoilage molds
such as Penicillium, Fusarium, and Aspergillus spp. can also produce
mycotoxins posing a risk to human health. However, no cases human food
poisoning have been attributed to moldy cheese, most likely due to the large
amounts required to be consumed to lead to a mycotoxin intoxication.
Research also suggests that cheese is not a conducive growth medium for
production of mycotoxins by molds (Hymery et al., 2014).

1.4.1 Sources of Fungal Contamination

Fungal contamination of cheese can occur at many different points in the
cheese production process. For most cheeses, milk is pasteurized before use
in cheese production. Most yeast and molds are not heat-resistant and are
subsequently killed during pasteurization. Accordingly, mold spoilage is often

due to airborne spores dispersed in the dairy plant air contaminating the milk



after pasteurization or the cheese during any point in the cheese making
process (Garnier et al., 2017). Each step in the cheese production process
introduces a potential point for fungal contamination. For example, brine from
the brining process has been found to introduce molds like Penicillium
commune (Marin et al., 2015). One study demonstrated counts of 10° cfu/cm?
inside a brining tank (Bokulich & Mills, 2013). Further down the cheese
production process, removing cheese from vats using pressurized air was
found to be the source of a major fungal contamination in a dairy by
Geotrichum candidum (Kure et al., 2004). Finally, adding inclusions like fruit
can also introduce potential contamination sources of yeasts and molds

(Filtenborg et al., 1996).
1.5 Control of Fungal Spoilage

1.5.1 Good Manufacturing Practices and Physical Methods

Various practices should be implemented in order to prevent fungal spoilage
and to control the degree of proliferation of mold growth. Food safety plans
are mandatory for all food manufacturing environments and consist of an
analysis of all hazards present as well as risk-based preventive controls to
mitigate the identified hazards (FDA Food Safety Modernization Act, 2011).
Preventive controls for fungal contamination may include process controls
and sanitation controls. Also included are Current Good Manufacturing
Practices (cGMPs) which outline requirements for hygiene practices and safe

food handling.



Many physical methods of controlling fungal spoilage exist and should be
utilized during manufacturing. These methods can be found in Table 1.1.
Unfortunately, these methods only remain effective until the consumer opens
the package. After opening, the cheese may be contaminated by spores in
the environment. Additionally, poor storage conditions such as those that give
spores access to oxygen or ideal growth temperatures (25-30°C) will

accelerate growth.

Table 1.1 Physical Methods to Control Fungal Spoilage

Method Concept Reference(s)

Milk Treatments: | Fungal spore reduction in
Pasteurization milk lowers the number of | FDA, 2017, TetraPak, 2015,

spores that are able to Vadillol et al., 1987
UV inactivation germinate and proliferate | Can et al., 2014, Ricciardi et al.,
into visible growth in 2020, Koutchma et al. 2009
Cavitation cheese Badve et al., 2013, Sun et al.,
2021
High Pressure
Processing Datta & Deeth, 1999, Sun et al.,
2021
Pulsed Electric
Fields
Bendicho et al., 2002
Air Filtration Spore reduction in the air | Kure & Skaar, 2019, Kure, 2004
lessens contamination
Refrigeration Temperature for optimal | Huang et al., 2011, FDA, 2021,
growth of molds is 25- Dix & Webster, 1995

30°C; storing cheese at
refrigeration




temperatures of 4°C will
delay mold growth

Modified Fungi associated with Farber, 1991, Messer, n.d.
Atmosphere cheese spoilage are
Packaging obligate aerobes;

replacing air inside
packaging with carbon
dioxide and nitrogen will
deter growth

Waxes and Provides a physical Bucio et al., 2021, Zvomuya,
Protective barrier to prevent further | 2011
Coatings contamination as well as

an oxygen barrier
deterring growth

Cheese Subjecting cheese to UV | Can et al., 2014, Ricciardi et al.,
treatments: light immediately before 2020, Koutchma et al., 2009
uv or after packaging

inactivates fungal spores
that are present on the
cheese surface

1.5.2 Use of Preservatives

1.5.2.1 Weak Organic Acids and Salts

The most common weak organic acids that are used as cheese preservatives
are: sorbic acid, benzoic acid, and propionic acid. The salts of these acids are
also used: potassium sorbate, calcium sorbate, sodium benzoate, potassium
benzoate, calcium benzoate, and sodium propionate (Garnier et al., 2017).
These additives are mixed into the cheese, rather than being applied to the
cheese surface. Weak organic acids and their salts display inhibition against
both bacteria and fungi. The mode of action against fungal and bacterial
growth relies on the pH of the cheese and the pKa of the acid. If the pH of the
cheese is below the pKa of the acid, the undissociated acid (protonated) will
flow into bacterial or fungal cells. Once inside the cell (pH ~7) the acid will

dissociate into its unprotonated form. The accumulation of protons inside the




cell causes the intracellular pH to drop. A gradient is formed into the cell by
dissociation of the acid, causing more weak acid diffusion into the cell

followed by its subsequent dissociation. This continues until the pH gradient
across the cellular membrane is destroyed, effectively killing the cell (Konuk

and Ergeden, 2017).

1.5.2.2 Natamycin

Natamycin is a polyene macrolide antibiotic and antifungal agent used widely
in the food industry, especially in dairy products, for the prevention of mold
and yeast growth (Chen et al., 2008). In the United States, according to the
FDA, Natamycin can be applied on cheese as an antimycotic not exceeding
20 mg per kg (20 ppm) in the finished product (CFR - Code of Federal
Regulations Title 21). Natamycin is produced by aerobic fermentation of the
bacterium Streptomyces natalensis. a gram-positive spore-forming bacteria
found in soil (Davidson & Zivanovic, 2003).

The mechanism of action of natamycin and other polyene macrolide
antibiotics against yeasts and molds is based on the inhibition of amino acids
and glucose transport through fungal cell membranes due to its specific
binding to sterols, principally ergosterol in fungal cell membranes (Boothe,
2015). It has no antibacterial activity, due to the lack of sterols present in
bacteria, and can be used without interrupting the bacterial ripening
processes of cheese (Stark & Tan, 2003). Natamycin is active at very low
concentrations, with most molds inhibited at 0.5-6.0 mg/L, although some

species require higher concentrations (Delves-Broughton, 2011). In vitro
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studies on natamycin often produce different results when applied to an in
vivo sample. For example, on PDA, 2.5 mg/L natamycin completed inhibited
mycelial growth of Scletotinia sclerotiorum but the concentration had to be at
least 50 ppm to inhibit growth when applied to carrot samples (Ojaghian et al.,
n.d.).

1.5.2.3 Bioprotective Cultures

Many dairy producers seeking to opt out of chemical preservatives have
reformulated their products to include the use of bioprotective cultures. These
cultures are living organisms that are deliberately added to food products with
the intention to control unwanted bacterial/fungal growth without adversely
affecting the sensorial properties of the food (Martin et al., 2021).
Bioprotective cultures control growth of unwanted organisms mainly through
displacement, competition for nutrients, acidification and production of
metabolites. The use of bioprotective cultures, mainly Lactic Acid Bacteria
(LAB), have been studied widely in cheese. LAB produce weak organic acids
like lactic and acetic acid that lead to further acidification of the cheese as
well as disruption of fungal cell membranes (Salas et al., 2019). Additionally,
some LAB are known to produce bacteriocins which can inhibit the growth of
some genetically similar bacterial species (Savadogo et al., 2006).

Mold ripened cheeses also employ a type of bioprotective culture. By
inoculating the outer surface of cheese with a desirable fungal species (e.g.
Penicillium camembertii on Camembert) that then grows on the rind, space is

taken up and competition for nutrients occurs with other fungal species that



11

have the chance to contaminate the cheese. Additionally, molds often
produce antifungal proteins that inhibit the growth of different fungal species
(Delgado et al., 2016). Not only can ripening molds potentially prevent the
growth of mycotoxin-producing molds, though not of particular human health
concern, but they can reduce the potential for unsightly mold growth that may
be concerning to consumers (Delgado et al., 2016). For example, P.
camembertii and G. candidum, often used in mold ripened cheeses, are white

in color and create a rind that is accepted by consumers.

1.5.3 Importance of ‘Clean-Label’ Alternatives to Natamycin

Consumers in the late 1970s and early 1980s began becoming concerned
about the additives that were in food products. By the 1990s the focus moved
to the desire to consume ‘natural’ foods. To this day, most consumers prefer
to purchase products with few additives. This consumer demand has led to a
removal of artificial colors, flavors, and preservatives in many food products
(Brockman and Beeran, 2011). Such foods that are free of additives with
negative connotations are often deemed to be ‘clean-label’. Similarly, single
ingredients that have a positive connotation or are thought of as ‘natural’ may
also be referred to as a ‘clean-label’ ingredient.

Although natamycin is a naturally occurring substance and holds GRAS
status by the FDA (CFR Title 21, Section 172.155), it has lost some
favorability from consumers in recent years. Whole Foods has banned the
use of natamycin except for in waxes of cheese rinds (Food Ingredient Quality

Standards: Whole Foods Market, n.d.) and other grocery store chains like
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Natural Grocers, and Raley’s Supermarkets have banned its presence
altogether (Dalié et al., 2010; Grocery - Things We Won't Carry and Why:
Natural Grocers, n.d.; Raley’s One Market Banned Ingredients - Raley’s
Family of Fine Stores, n.d.). Additionally, foods that incorporate natamycin
cannot be labeled as organic according to the USDA (Dalié et al., 2010). For
these reasons, organic cheese producers and natural grocery store chain

cheese suppliers would benefit from a label-friendly alternative to natamycin.

1.5.4 Clean Label Alternatives to Natamycin

Research suggests that many potential ‘clean-label’ and organic alternatives
to natamycin exist, but have yet to be validated for application on cheese.
Some of these alternatives include edible films, essential oils, biologically
active peptides, bioprotective cultures, and fermentation products. Each of
these potential additives displays antifungal activity based on unique
mechanisms of action. Edible films act as physical barriers to oxygen and can
be used to deliver additives with antifungal properties like essential oils
(Costa et al., 2018). Biologically active (bio-active) peptides are short amino
acid fragments of proteins that display biological activities, some of which
include anti-fungal effects (Pan et al., 2019). Bioprotective cultures are
specific microbial strains which are deliberately added to foods to inhibit the
growth of unwanted organisms by acidification and production of metabolites
(Salas et al., 2018). Fermentation products are produced from fermented
starch or milk powders which may contain bioprotective cultures, organic

acids, and other metabolites that deter mold growth. The fermentation
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products of culturing starch or milk powders are commercially available and
demonstrate efficacy against yeast and molds, with increased efficacy as pH

decreases (Samapundo et al., 2017).

1.5.4.1 Chitosan

Chitosan is a polysaccharide obtained by the deacetylation of Chitin and in
recent years has been utilized to create edible films. Chitosan has
demonstrated antifungal activity but largely depends on the degree of
acetylation, molecular weight, derivatization, and preparation method

used (Verlee et al., 2017). Other ‘clean label’ fungal inhibitors like essential
oils and bioprotective cultures have been studied in combination with chitosan

with some success (Hasheminejad et al., 2019, Salas et al., 2017).

1.5.4.2 Essential Oils

Essential oils have been utilized since the Middle Ages for their antifungal
properties. Aromatic plants produce essential oils to protect them from many
biological pests, including fungi. They are generally extracted from plants by
distillation (Bakkali et al., 2008). Essential Oils are classified as GRAS by the
FDA (FDA). The antifungal activity of many essential oils against foodborne
fungal species has been widely reported. For example, thymol, the major
component of thyme essential oil, has displayed inhibition against Aspergillus
spp. and Cladosporidium spp. (Abbaszadeh et al., 2014). Clove Essential Oll
has displayed antifungal activity against Aspergillus flavus with results

varying on lab media versus on an actual food matrix (Omidbeygi, 2007).
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1.5.5 Hurdle Technology Concept

To mitigate fungal spoilage most effectively in cheese, combinations of
preservation methods (‘hurdles’) should be applied. This concept is commonly
referred to as ‘Hurdle Technology’. The application of hurdle technology is
especially important in the context of potentially less-effective mold inhibitors.
Not all hurdles are created equal - the ‘higher’ the hurdle, more fungal spores
will be required to overcome it in order for the mold to continue growing
(Leistner & Gorris, 1995). Natamycin is particularly ‘high’ hurdle as it is an
extremely effective mold inhibitor. Unless a ‘clean-label’ mold inhibitor is
found with similar efficacy to Natamycin, additional hurdles must be applied

for the same shelf-life to be achieved.
1.6 Screening of Mold Inhibitors

1.6.1 Classical microbiological methods for screening antifungals
Various classical microbiological methods can be utilized when screening
compounds for antifungal activity such as disk diffusion, standard plate
counts, measurement of hyphal diameter, and simply tracking time until
visible mold growth is noted (Fernandez et al., 2017, Kuorwel et al., 2012,
Cheong et al., 2014). These methods are supply and labor intensive,
drastically limiting the number of potential inhibitors able to be screened
within a reasonable time period. Utilizing high-throughput methodologies to
screen antifungals that do not rely on manual counting, measuring, or
assessing the amount of mold growth are vital when screening a high number

of potential inhibitors or combinations thereof.
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1.6.2 Lab Media vs. Food Application

In vitro screening of antifungal agents can be an efficient approach for high-
throughput methods. It is important to note differences in activity of antifungal
agents that may occur between microbiological lab media and actual food
matrices. Differences in composition, including pH, buffering capacity, water
activity, and sugar concentration can affect the ability and rate of mold growth
(Beuchat, 1983; Calhoun & Galgiani, 1984; Membré et al., 1999).
Additionally, certain additives in lab media can inhibit fungal growth. For
example, using the de Man, Rogosa, and Sharpe (MRS) agar medium has
been shown to strongly impact the expression of antifungal activity by LAB
since MRS contains acetate, reinforcing LAB antifungal activity (Delavenne et
al., 2012). In the lactate-tryptone-yeast extract medium commonly used to
grow Propionibacterium, the presence of cyclic and linear peptides and
diketopiperazines have shown antifungal activity (Lind et al., 2007).

Garnier et al. (2018) found that the minimum inhibitory concentrations of
natamycin for spoilage fungi were generally slightly lower when using model
cheeses compared to potato dextrose agar (PDA). To maximize the chances
of finding an efficient antifungal compound, food-based media screening
should be utilized. In our case, since we are interested which antifungal
compounds will perform well in a cheese system, we utilized a cheese-based

agar.
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1.6.2.1 Cheese Agar

Various studies relating to the microbiology of cheese have utilized cheese
agar. Masoud and Jakobson (2003) used a cheese agar medium to create
growth conditions relevant to surface ripened cheeses to assess the
pigmentation produced by Coryneform bacteria. Larsen et al. (2002) utilized a
blue cheese-based agar to assess mycotoxin production of different
Penicillium molds on cheese. Neviani et al. (2009) developed a cheese agar
containing grated Parmagiano Reggiano ripened cheese to recover minority
bacterial populations. Wolfe et al. (2014) used a cheese curd agar medium to
create an in vitro reconstruction of microbial communities of cheese rinds.
Overall, cheese agar is a reproducible cheese mimicking model for in vitro
experiments. It can be used to replace the cost and labor intensiveness of in

vivo experiments performed on actual cheese.

1.6.3 High-Throughput Screening Methods

Screening many potential mold inhibitors for efficacy against cheese relevant
molds can be very labor intensive, time consuming, and can fail to produce
clear and quantitative results. Utilizing a high-throughput screening
methodology can mitigate these issues and allow for testing of more inhibitor
concentrations and combinations. Various high-throughput screening
methods have been developed to screen anti-fungal activity. Kjeldgaard et al.
(2021) developed two high throughput methods of screening the antifungal
activity of Bacillus spp. The first method is an agar-based screen in 48-well

microtiter plates that relies on visual scoring of each well. The second method
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utilizes liquid broth media and uses a spectroscopy reading at 600 nm to
quantify mold growth.
Other high-throughput screening methods developed by Inglin et al. (2021) for
detection of antifungal activity by Lactobacillus spp. also rely on visual
assessment. Garnier (2018) similarly studied antifungal activity of LAB by
visual assessment of mold inhibition on a cheese-mimicking matrix.
High-throughput screenings can be used as an initial determination of which
mold-inhibitor candidates should be followed up with in vivo experiments. This
helps reduce labor-intensive in vivo screenings by selecting only mold
inhibitor concentrations/combinations that show potential with in vitro
experiments.
1.7 Research Obijectives
The research objectives of this thesis were to:
1. Develop screening methods to efficiently screen organic, ‘clean-label’
additives that show promise as cheese antifungal preservatives
2. Refine high-throughput screening method(s) to increase the number of
additives able to be screened
3. Screen additives, including combinations thereof to find applications
that results in inhibition of cheese relevant fungi
4. Validate that additives displaying antifungal activity with rapid
screening method work on actual cheese under normal storage

conditions
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2.1 Introduction

In the dairy industry, fungal spoilage is typically not of food safety concern,
but instead an issue of food waste and consumer rejection due to the
production of off flavors, textural issues, or poor visual appearance of food
products (Garnier et al., 2017).

Fungal contamination of cheese may occur at any step during production
because mold spores are ubiquitous in the environment and are common
airborne contaminants (Garnier et al., 2017). Mold growth on cheese is often
controlled using packaging strategies that minimize oxygen exposure like with
vacuum sealing or modified atmosphere packaging (Solomakos et al. 2019).
However, when packaging is opened by the consumer, oxygen is no longer
excluded, and mold growth typically follows. This situation is the most
problematic for products that are multi-use and have high surface area, such
as shredded cheese.

To combat mold growth in these products, shredded cheese is commonly
coated with an anti-caking powder (e.g., potato starch, cellulose) containing
up to 20 mg/L natamycin (United States Food and Drug Administration,
2019). However, natamycin is not allowed in organic food products (Organic
Materials Review Institute) and is perceived negatively by some consumers
due to increased desire for ‘clean-label’ products. (Brockman and Beeran,
2011).

Efforts to identify clean-label mold inhibitors have largely focused upon

essential oils and antagonistic microorganisms (Salas et al., 2017). Some
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essential oils and their components inhibit food relevant fungi, for example
thymol (the major component of thyme essential oil) (Abbaszadeh et al.,
2014) and Clove Essential Oil (Omidbeygi, 2007). While screening mold
inhibitors, researchers have reported discrepancies in MICs when using
different lab medias and food matrices (Imani Rad et al. 2017; Van de Vel et
al. 2019; Shannon et al. 2019). In the context of dairy, Garnier et al. (2018)
reported that inhibitor MICs were typically lower in cheese than in a lab
media, though this varies based on mold species. For these reasons, it is
imperative to perform screening experiments on the food-matrix of interest.
Garnier et al. (2018) utilized mini-cheese in 24-well plates to screen
bioprotective cultures of Lactic Acid Bacteria, manually scoring visible fungal
growth to evaluate antifungal activity.

In this study, our objective was to develop a screening methodology with
enhanced throughput, using cheese-mimicking agar in 96-well plates and
guantitative image-analysis.

2.2 Materials and Methods

2.2.1 Mold culture preparation and maintenance

Four mold strains (G. candidum, P. echinulatum, P. palitans, and P.
roqueforti) were previously isolated from commercial cheese products and
were identified using a third-party laboratory (Certified Laboratories, Melville,
NY, USA). The mold isolates were maintained on Potato Dextrose Agar

(PDA; EMD Millipore, Burlington, MA) with incubation and storage at 22°C.
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Every 4-6 weeks, molds were re-streaked on PDA by transferring spores to
fresh media.

Mold spore suspensions were prepared by scraping hyphal mold growth with
a sterile scalpel into 0.1% peptone water (Sigma Aldrich, St. Louis, MO,
USA). Spore density estimated using a hemocytometer (SKC, Inc.) and
adjusted to approximately 5 x 10° spores/mL. Spore suspension density was
confirmed by standard serial dilution and spread plating 100 uL of each spore
suspension on PDA with enumeration after incubation at 22°C for 72 hours.
2.2.2 Methylene Blue Cheese (MBC) agar preparation

Cheese agar was prepared in a manner similar to that presented by Wolfe
(2014) with modifications. Cheddar cheese was produced by the Oregon
State University Creamery (Corvallis, OR). Cheddar cheese blocks were
shredded, frozen (-20°C), and freeze dried (Model 651M-9WDF20, Hull
Corporation, Warminster, PA or VirTis Console 4.5, SP Industries,
Warminster, PA). Freeze-dried cheese was ground using a mortar and pestle.
Final cheese agar formulation included 100 g freeze-dried cheese, 50 g
xanthan gum (MP Biomedicals, Irvine, CA), and 17 g bacteriological agar
(VWR, Rador, PA) per liter of water. Ingredients were homogenized using a
blender (Oster, Boca Raton, FL) and sterilized by autoclaving at 121°C, 15
min. For enhanced mold visualization, methylene blue (MB; Bio Basic,
Markham, Ontario, Canada) was added after autoclaving to achieve a final
concentration of 0.0001%. Methylene Blue Cheese (MBC) agar was

tempered to 80°C using an aluminum reservoir (V&P Scientific, San Diego,
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CA, USA) on a heating block (Eppendorf, Hauppauge, NY, USA) prior to
pipetting into 96-well plates (150 pL/well).

2.2.3 Antifungal efficacy using MBC Agar

Antifungals with potential utility in cheese products were selected based on
communication with dairy industry partners (Table 2.1). Antifungal solutions
were prepared using appropriate solvent and dilution from stock solutions to
working solutions using a 2-fold dilution series (in solvent). A volume of 15 pL
of the antifungal solution was dispensed onto the surface of the MBC agar
previously solidified in the 96-well plate and dried in the laminar flow hood.
Individual wells were inoculated with 10 pl of previously described spore
suspension (approximately 50 spores/well). The plate was sealed, wrapped in

Parafilm, and incubated at 22°C for 7 days with imaging every 12 hours.

Table 2.1 Antifungals evaluated for their potential to inhibit fungal growth on
Methylene Blue Cheese (MCB) agar.

Antifungal Source Solvent Stock Treatment Range
Solution (per volume of agar)
Natamycin MedChem DMSO 800 mg/L 2.5-80 mg/L
EXxpress

Clove oil Sigma Aldrich  0.05% 16,000 mg/L  50-1600 mg/L
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(St. Louis, Tween 80
MO)
Thyme oil Sigma Aldrich  0.05% 16,000 mg/L  50-1600 mg/L
Tween 80
Chitosan Primex 1.0% acetic 20,000 mg/L  62.5-2000 mg/L
(149 kDA, 97%  (Siglufjordur,  acid
deacetylation) Iceland)

2.2.4 Image capture and data analysis

Incubated 96-well plates were photographed using an SP Imager light box
(S&P Robotics, Inc., Toronto, Canada) using the following settings: 5184 x
3456 pixels, autofocus, ISO 100, lens aberration correction, auto white
balance. Photographs were imported into Image J software (National
Institutes of Health, Bethesda, MD) and converted to grey scale (O = black;
255 = white). Pixel spectra and pixel intensity were measured and analyzed
using the “ReadPlate” plugin using a 250-pixel diameter. Pixel intensity is an
integer from O (black) to 255 (white) and indicates the level of
lightness/darkness of the area. The “ReadPlate” plugin utilizes the gray scale
spectra to calculate the raw integrated density (RID) in the region of interest
(ROI). The RID is defined as the sum of all gray scale values in the ROI and
provides a quantifiable measurement of mold growth for both green molds
(decreased RID) and white molds (increased RID). This change in RID is
used to quantify mold growth. The absolute value of the change in RID
between inoculated and uninoculated wells (n= 4) was used for all statistical
analyses. Statistical analyses were performed using R-studio (version 3.6.1)
and the “Growthcurver” package (Sprouffske & Wagner, 2016) was used for

fitting growth curves for each well. Lag time (time to 50% maximum RID) was
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selected as the metric to compare efficacy of antifungal treatments using
ANOVA with Tukey’s post hoc test. Since the “Growthcurver” package
attempts to extrapolate lag time values if they are extended beyond the length
of the experiment (7 days), any lag times over this time frame were capped at
168 hours.

2.3 Results and Discussion

2.3.1 Analysis of mold growth on Methylene Blue Cheese Agar in 96-well
plates using Image J

MBC agar supported growth of all molds in this study. Photographs of
Penicillium roqueforti and Geotrichium candidum on MBC agar after 7 days of
growth at 22°C are shown in Figure 2.1. The corresponding greyscale
spectrum next to each well shows the pixel intensity (count of pixels at a
given position along this greyscale) of the 250-pixel diameter zone of analysis
for the uninoculated control and the shift due to mold growth. Clear visual
distinction of growth in wells inoculated with P. roqueforti and G. candidum
corresponded with grayscale values distinct from the agar background. For P.
roqueforti, the grayscale value was substantially lower (darker) than blue
cheese agar while G. candidum growth resulted in a distinct shift to a higher
grayscale value (lighter). Figure 2.1 also demonstrates the necessity of
addition of Methylene Blue to cheese agar, as cheese agar without methylene
blue has less of a magnitude of difference in pixel intensities to wells
inoculated with G. candidum. Addition of Methylene Blue to a final

concentration of 0.0001% allows pixel intensities within the well, and



subsequently RID values, to be more distinctly different from white mold

growth such as with G. candidum.
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Blue Cheese Agar - Uninoculated

Cheese Agar - Uninoculated

Blue Cheese Agar — G. candidum
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Figure 2.1 Grey scale spectra of Methylene Blue Cheese (MBC) Agar control
(uninoculated), Cheese Agar (no methylene blue) control (uninoculated),
MBC inoculated with Penicillium roqueforti, and MBC inoculated with
Geotrichum candidum after incubation at 22°C for 72 hours. Histograms,
derived using ImageJ, are shown alongside individual wells. The spectra
represent the count of pixels at a given value (0-255) on the grey scale in the
region of interest (ROI). Overlaid blue squares highlight the grey scale range
of the uninoculated control (MBC agar).



28

Previous studies by Garnier et al. (2018) described and utilized a cheese-
based agar medium for evaluating mold growth using a 24-well plate format
and visual scoring. We further modified this approach to a 96-well format and
incorporated methylene blue to facilitate improved throughput and objective
data collection and analysis by taking advantage of the ImageJ software and
“‘Readplate” plugin. This approach supported the clear detection of mold

growth from high-resolution photos.

2.3.2 Generation of mold growth curves based on grayscale pixel count
Hyphal growth of P. echinulatum and G. candidum on MBC agar over time is
shown in Figure 2.2A. P. echinulatum is visible on MBC agar around 60-72
hours, hyphal growth expands to cover half the well at 84 hours, and the well
is fully covered by the mold after 108 hours. Similarly, in the representative
series for G. candidum the media appears relatively free of mold growth at 12
hours but diffusely covered by 24 hours, and completely covered by 36 hours.
These two molds grow at significantly different rates, with G. candidum being
representative of a relatively fast-growing white mold with a mean lag time of
22.9 hours and P. echinulatum representing a slower growing green mold
(mean lag time 85.2 hours). Grayscale pixel analysis of time-lapse images
confirmed that image analysis corresponded with visual assessment (Figure

2.2B).
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Figure 2.2 Growth behavior of Geotrichium candidum and Penicillium
echinulatum on Methylene Blue Cheese (MBC) agar with incubation at 22°C
for 7 days. The top panel (A) is a time lapse photo series with images
captured every 12 hours. The bottom panel (B) are respective growth curves
plotted by “Growthcurver’ R package. Growth curves are based upon RID
values for individual wells.

Final RID (subtracted from uninoculated wells, absolute values) for G.
candidum were much lower than for the Penicillium strains, which
compresses the dynamic range of the growth curves. Additionally, final RID
values for the Penicillium strains were more variable than for G. candidum,
suggesting this metric may be a less reliable parameter for comparison of
mold growth in response to inhibitors. The other parameter estimated,
generation time, was similar for all molds in terms of value and extent of
variability between replicates. Because what we see visually in terms of mold

growth is a composite of spore germination, vegetative growth, and hyphal

extension, it is difficult to relate generation time to the representative image
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series. To compare inhibitor efficacy and evaluate the utility of this screening

approach, lag time was used as a metric to analyze results.

2.3.3 Screening antifungals based on significant increases in lag time
across four mold strains

Using the combination of MBC agar in a 96-well format and image analysis,
we were able to trial three clean label candidate inhibitors (chitosan, clove
essential oil, and thymol). We focused on a topical application of inhibitors, as
it mirrors the current use of natamycin in the cheese industry. Chitosan, clove
essential oil, and thymol were chosen as trial options due to their extensive
research in literature (Devlieghere et al. 2004; Gutierrez et al. 2008; Matan
2012; Liu et al. 2017). Concentrations of the four antifungals (clove oil,
thymol, chitosan, and natamycin) that displayed fungal inhibition are

summarized in Table 2.2.

Table 2.2. Summary of Growth Curve metrics for each fungal strain (n=4)
and minimum concentrations of Chitosan, Clove Essential Oil and Thymol
that displayed inhibition. Statistically significant differences (P<0.05) in lag
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time between the control (without antifungal) and each antifungal treatment
were used as a proxy for inhibition and were determined by a One-way

ANOVA followed by Tukey’s post-hoc test.

Growth kinetics on MBC

Minimum inhibitory

Mold agar* concentrations derived from
curve-fit “lag-time” parameter
Lag Maximum Genera |Natamycin|Chitosan| Clove | Thymol
Time | Raw tion (mg/L) (mg/L) | EO [ (mg/L)
(h)** [ Integrated | time (mg/L)
Density (h)**
(x1000,
arbitrary
units)**
G. candidum 229 | 220.4£19.0 | 4.9+1.3 2.5 - - -
+1.3
P. 85.2 | 530.7+46.7 | 10.60. 2.5 2000 | 1600 [ 800
echinulatum 3.9 8
P. palitans 91.1 | 446.8+39.2 | 10.7+41. 2.5 1000 | 200 200
8.1 6
P. roquefortii 93.2 | 438.9+77.6 | 13.8%4. 2.5 1000 | 800 400
+1.8 8

*Growth parameters estimated from quadruplicate control wells, presented as
mean +/- standard deviation
**Lag Time, Max RID, and Generation Time correspond to t_mid, k, and
t _gen calculated by the Growthcurver R-Studio package

Natamycin was universally effective against all mold types, increasing lag

time beyond the control (0 mg/L) at all concentrations (2.5, 5, 10, 20, 40, and

80 mg/L) (P<0.05). At even the lowest concentration, the lag time was

increased beyond the final point time point of the study (168 hours). Though

all lag times were greater than 168 hours, this does not necessarily indicate

that the molds were completely inhibited.
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Apparent increases in lag-times for each mold in response to the clean-label
inhibitors varied by compound and dosage across the various molds.
Chitosan treatment increased lag times for all molds except G. candidum at
the highest application rate (2000 mg/L) (P<0.05), with lag times increased for
P. palitans and P. roquefortii at a lower dosage of 1000 mg/L. Clove essential
oil at 1600, 200, and 800 mg/L increased lag time for P. echinulatum, P.
palitans, and P. roqueforti, respectively. Thymol at 800 and 1600 mg/L
increased lag time for all molds except G. candidum, with lower levels of 200
and 400 mgl/l effective against P. palitans and P. roqueforti, respectively.
Essential oils as well as bioprotective cultures have been studied in
combination with chitosan (Hasheminejad et al., 2019, Salas et al., 2017), a
polysaccharide obtained by the deacetylation of Chitin. Chitosan alone has
also demonstrated antifungal activity but largely depends on the degree of
acetylation, molecular weight, derivatization, and preparation method (Verlee
et al., 2017). Researchers have shown success using chitosan in films
against yeast and molds in cheese (Duan et al. 2007, Fajardo et al. 2010) and
in brine in Halloumi cheese (Mehyar et al., 2017). Fajardo et al. (2010)
included up 5% in chitosan films for application on cheese, much higher than
the 2% used in our experiment. However, because there is no indication of
the rate of release in films, it is difficult to compare these concentrations.
Nonetheless, this research indicates that chitosan may have practical, topical
applications at lower rates than previously tested in films. Previous studies on

chitosan have also widely reported success as a bacterial inhibitor (Vasconez
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et al. 2001, Conte et al. 2007, Lucera et al. 2012). Altieri et al. (2005), found
efficacy of chitosan against bacteria with inclusion of 0.075% directly in the
cheese making process, while we found success with topical application of
only 0.02% (2000 mg/L) by volume against molds.

Thyme essential oil, of which thymol is the major component, is similarly
supported in the literature as an antimicrobial, with strong inhibition qualities
due largely to its phenolic content (Skandamis et al. 2002). However, its
impact has mostly been evaluated for bacteria (Liu et al. 2017). Researchers
have demonstrated the antimicrobial activity of thyme oil in sachet release
systems in bagged, shredded cheese with volatile concentrations up to 450
mg/L or 10% of the sachet (Han et al. 2014). In our study, we saw inhibition of
thymol at concentrations as low as 200 mg/L. Studies on thyme essential oll
have shown more varied results, with bacteria inhibited at ranges of 75-1100
mg/L and molds inhibited at much lower at ranges of 80-97 mg/L (Fani and
Kohanteb, 2017). Vazquez et al. (2001) trialed rates of 100-200 mg/L,
showing some delay in Penicillium spp. at these rates.

Though it is clear thymol has potential use as an inhibitor, its aromatic
gualities pose potential sensory challenges. The detection threshold of thyme
essential oil has been reported at 50-1200 mg/L in cottonseed oil (Farag et
al., 1989), while in sunflower oil it has been reported at 124 mg/L (Bitar et al.,
2008). Though the sensory threshold is varied, it is clear thymol must be
evaluated specifically for its organoleptic impacts on cheese before use in the

industry.
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In our experiment clove oil showed inhibitory potential, though was relatively
less effective against molds compared to thymol due to higher concentrations
being required for 2 of the target molds. The literature is more varied
regarding inhibitory success of clove oil, with some researchers (Pinto et al.
2009) reporting MICs of 0.16-1.25 mg/L, much lower than that seen from our
results (400 mg/L-1600 mg/L).

G. candidum was sensitive to natamycin; however, it was not inhibited by any
of the alternative mold inhibitors trialed in this experiment (P>0.05). G.
candidum is notoriously resistant to antifungals (Pottier et al., 2007) but in one
study did show resistance to clove and thyme oil (on Czapek Yeast
Autolysate Agar) when used at over twice the maximum concentration that
was utilized in this experiment (Foltinova et al., 2019). The Penicillium strains

clustered based on their sensitivity to clove essential oil and thymol.

2.4 Conclusion

The R-Studio “Growthcurver” package was utilized to calculate lag time using
change in raw integrated density as a proxy for mold growth on MBC agar.
While the proof-of-concept experiment revealed biological variation in
response of molds to inhibitors, this method has future utility in determination
of MICs and improved investigation of antifungal compounds, with the ability
to screen thousands of samples. Using this new image analysis technique,
we were able to screen a variety of potential mold inhibitors for their anti-
mycotic potential to determine their efficacy in a cheese mimicking matrix.

Because efficacy of inhibitors is matrix dependent, this provides an industry-



applicable format for screening antifungals while maintaining a high

throughput and relatively low cost.
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3.1 Introduction

Food waste is a substantial problem in the dairy industry, with most waste
coming from microbiological spoilage deteriorating products through the
growth of either fungi (yeasts and molds) or bacteria. Dairy foods are the third
highest food group succumbing to food spoilage in terms of dollar value lost
at the retail and consumer level in the United States, with 17% of the total
value lost - behind only meat, poultry, and fish at 30%, and vegetables at 19%
(Buzby et al., 2014). The implications of spoilage are not only profound
regarding economic loss, but also in terms of environmental impacts, and
food/nutritional insecurity (Papargyropoulou et al., 2014, Gunders et al.,
2017). In the cheese industry, preventing and mitigating the amount of
microbial spoilage of cheese, hence extending the shelf life, is extremely
important to alleviate costs to producers, retailers, and consumers and helps
to reduce the environmental impact of cheese production/consumption (Lu &
Wang, 2017).

Natamycin is a polyene macrolide antibiotic and antifungal agent used widely
in the dairy industry, especially topically on cheese products, for the
prevention of mold and yeast growth (Chen et al., 2008). In the United States,
according to the FDA, natamycin can be applied on cheese as an antimycotic
not exceeding 20 mg per kg (20 mg/L) in the finished product (CFR - Code of
Federal Regulations Title 21). However, it cannot be used in ‘organic’ cheese
products and has lost consumer acceptance in recent years (Brockman and

Beeran, 2011). Currently, there is no alternative antifungal product that is
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thought to be ‘clean-label’ or that can be utilized in ‘organic’ cheese that is as
effective as natamycin.

Research suggests that various potential natamycin alternatives exist but
have yet to be validated for topical usage on cheese. These potential mold
inhibitors include: edible films, essential oils, bio-active peptides, fermentation
products, and bio-protective cultures (Costa et al., 2018, Khorshidian et al.,
2018, Samapundo et al., 2017, Salas et al., 2018). Essential oils alone
(Pandey et al., 2017) and in combination with chitosan (Kucukkaya et al.,
2020, Martinez et al., 2018) have been previously studied for their antifungal
properties in food applications. Fungal preservatives tend to vary in their
effectiveness depending on mold species, with a range of .002 to >.01
mg/cm? natamycin found to be effective across a diverse set of cheese
spoilage molds on microbiological media (Garnier et al., 2017). Thus, with
numerous potential inhibitors to screen at varying concentrations across
many relevant cheese spoilage fungi, traditional methods of determining
antifungal activity would be laborious. Additionally, combinatorial antifungal
treatments have been shown to be more effective, often resulting in additive
or synergistic antifungal activity, further increasing the number of tests
required for screening (Spitzer et al. 2016). For example, chitosan, when
utilized as an edible film, has demonstrated increased efficacy as an
antifungal with inclusion of bio-active compounds like essential oils (Costa et

al., 2018).
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Fluorescent staining has been used in various contexts, outside of the food
industry, to determine fungal cell counts or biomass with use of the
fluorescent dye, Calcofluor White. Calcofluor White binds to chitin, found in
the cell wall of fungi. One study utilized image analysis of epifluorescence
microscopy in conjunction with fluorescent staining to determine fungal
biomass in leaves. Leaf samples were stained and resulting epifluorescent
images with contrast between the fungal hyphae and background were used
to calculate the percentage of the total sample that was taken up by fungal
biomass (Schonholzer and Zeyer, 1995). Stagoj et al. (2004) developed a
similar method to determine cell numbers of yeast by fluorescent staining
centrifuged yeast cells after cultivation and measuring resulting emission (460
nm) at an excitation wavelength of 360 nm. Cell numbers per well were
determined by use of a standard curve. Another method developed by Alvelo-
Maurosa et al. (2016) utilized image-based analysis of micrographs and
Image J imaging software to determine vegetative and sporulating cell counts
after dual staining with Calcofluor White and Syto 9.

Research suggests that screening mold inhibitors on lab media produces
different results than when screened on food matrices. Garnier et al. (2018)
found lower minimum inhibitory concentrations for antifungals plated on
cheese as compared to laboratory media. This suggests using cheese as the
growth medium for screening is advantageous for finding effective

concentrations with real-world applications on cheese products.
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In this study we evaluated the utility of image-analysis based screening on
cheese-agar (Jensen and Kornberg, in preparation) for a wider range of mold
species, alongside a fluorescence-staining based assay. For molds that
display color variation, or when seeking to screen at a single time-point, the
fluorescent assay was found to more robustly estimate mold growth and
enable detection of growth inhibition. The fluorescence-based screening
assay was then used to determine antifungal activity of combinatorial
treatments based upon essential oils and chitosan. Combinations identified as
more inhibitory than each treatment alone were validated as topical
treatments on cheddar cheese.

3.2 Materials and Methods

3.2.1 Chemicals and Laboratory Media

All chemicals and laboratory media were obtained from Sigma Aldrich (St.
Louis, MO) unless otherwise stated. Natamycin was purchased from
MedChem Express (Monmouth Junction, NJ). Xanthan gum was purchased
from MP Biomedicals (Irvine, CA).

3.2.2 Mold culture maintenance and preparation of spore suspensions
Fungal species used in this study are listed in Table 3.1. Penicillium
echinulatum, Penicillium palitans, and Penicillium roquefortii were isolated by
a commercial cheese manufacturer from contaminated products and
identified by Molecular Epidemiology Inc. (Seattle, WA). Aspergillus niger,
Geotrichum candidum, Mucor hiemalis, and Penicillium camembertii were

purchased from Carolina Biological Supply Company (Burlington, NC, USA).
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All molds were maintained on (Potato Dextrose Agar) PDA at ambient

temperature and transferred monthly onto fresh media by scraping and re-

streaking of spores.

Table 3.1 Mold species and strains used in antifungal screening assays.

Species Strain origin  Commercial  Cheeses with Reference(s)
and Strain Cheese Reported
Applications  Spoilage Defects
Aspergillus  Purchased None Blue-veined Moubasher et al.
niger cheese 1978
Hassanin et al.
1993
Geotrichum Purchased Camembert, Buffalo, goat, and Montagna et al.
candidum Brie sheep cheese 2004
Mucor Purchased None Buffalo, goat, and Montagna et al.
hiemalis sheep cheese 2004
Hard and semi-
hard cheese
Penicillium  Purchased Camembert, Hard and semi- Aran et al. 1987
camembertii Brie, hard cheese
Langres,
Coulommiers,
Cambozola
Penicillium  Isolated by None Hard and semi- Lund et al., 1995,
echinulatum Cheese hard cheese Kure et al., 2001,
Manufacturer Semi-soft cheese Aran et al., 1987,
Kure et al., 2000
Penicillium  Isolated by None Fresh unripened  Garnier et al.
palitans Cheese cheese 2017
Manufacturer Hard and semi-
hard cheese
Penicillium  C Isolated by Blue Buffalo, goat, and Montagna et al.,
roqueforti Cheese cheeses, sheep cheese 2004
Manufacturer Gorgonzola, Hard and semi- Hocking et al.,
Stilton hard cheese 1992

Mold ripened
cheese
Semi-Soft cheese

Lund et al., 1995
Kure et al., 2001
Aran et al., 1987
Kure et al., 2000

Adapted from “Diversity and Control of Spoilage Fungi in Dairy Products: An
Update” by L. Garnier, F. Valence, and J. Mounier, 2017, Microorganisms,
5(42), p. 5.
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Spore suspensions of each mold were prepared by carefully scraping the
surface of mature hyphal growth on PDA with a sterile scalpel, and
transferring collected spores into sterile 0.1% peptone water. Suspensions
were adjusted to ~ 5x10° spores/mL following enumeration by hemocytometer
(Hausser Scientific, Horsham, PA) counting at 400x magnification using Leica
ICC50 W microscope (Wetzlar, Germany). Each suspension was spread-
plated onto PDA in duplicate to confirm spore concentration and adjusted with
sterile peptone as required.

3.2.3 Cheese Agar

For anti-fungal screening experiments, cheese-agar was prepared as
described by Wolfe et al. (2014) with minor modifications. Cheddar cheese
(Kroger Medium Cheddar) was purchased from Fred Meyer (Corvallis, OR),
shredded, frozen (-20°C), and freeze dried (Model 651M-9WDF20, Hull
Corporation, Warminster, PA or VirTis Console 4.5, SP Industries,
Warminster, PA). 100 g freeze dried cheese was combined with 50 g xanthan
gum, 17 g bacteriological agar, and water to reach 1000 mL and blended
(Oster blender). This mixture was then autoclaved for 20 minutes at 121°C on
a liquid cycle. Where image-analysis was to be performed, methylene blue
was added to reach a final concentration of 0.0001% in the agar. Cheese
Agar has a water activity of 1.00 and a pH of 6.05. This compares to typical
water activity values of .956-.965 (Schmidt and Fontana, 2008) and pH values

of 5.1-5.3 (Lawrence et al., 2004) for cheddar cheese.
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Cheese agar was held at 70°C on a heating block (Eppendorf, Hauppauge,
NY, USA) in an autoclaved aluminum reservoir (V&P Scientific, San Diego,
CA, USA), and 150 uL of agar was added to each well of a 96-well plate using
an 8-channel pipette (Integra, Plainsboro Center, NJ, USA) fitted with wide

bore pipette tips (Integra, Plainsboro Center, NJ, USA).

3.2.4 Mold inhibitor screening 96-well plate setup

Solutions of thymol and clove essential oil were prepared by addition into a
carrier solution of 0.5% Tween 80 to achieve desired concentrations of
16,000 mg/L, 8,000 mg/L, 4,000 mg/L, and 2,000 mg/L. The chitosan (149
kDa, 96% deacetylation) solution was prepared by addition into 1.0% acetic
acid to a concentration of 20,000 mg/L. Solutions containing thymol/clove
essential oil in combination with chitosan were prepared by direct addition of
thymol/clove essential oil into chitosan solution to achieve the same
concentrations. When 15 pL of these solutions is added to 150 pL of cheese
agar, the concentrations based on amount of agar then equal 1600 mg/L, 800
mg/L, 400 mg/L, and 200 mg/L respectively. The chitosan solution of 20,000
mg/L results in a final concentration of 2000 mg/L based on amount of agar.
The natamycin solution was prepared in methanol to achieve 80 mg/L (8 mg/L
based on agar). Application rates of treatments in terms of surface area can
be found in Table 3.2. All solutions were heated for 10 minutes at 50°C.

Table 3.2 Antifungal concentrations on cheese agar and cheddar cheese
based on volume and surface area.

Antifungal Antifungal Stock Antifungal Antifungal
Solution concentration in concentration in
Concentration cheese agar b¥ volume cheese agar

(mg/L)? (mg/L) concentration by
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surface area

(mg/cm?)®
Natamycin 80 8 0.00375
Clove 2000 200 0.09365
EO/Thymol
Clove 4000 400 0.1875
EO/Thymol
Clove 8000 800 0.375
EO/Thymol
Clove 16000 1600 0.75
EO/Thymol
Chitosan 20000 2000 0.9375

415 uL and 82.91 uL of stock solution was added to the surface of the cheese
agar (96-well) and cheddar cheese (24-well) in each well, respectively.
P\/olume per well was 150 pl and ~825 pl for cheese agar and cheddar
cheese, respectively.

°Agar surface area per well was .32 cm? and 1.77 cm?.

To prepare test plates, 15 pL of each inhibitor solution and corresponding
blank (carrier solution) was transferred to designated wells using a 96-
channel pipette (Integra, Plainsboro Center, NJ, USA), into either a blackened
96-well plate (BrandTech Scientific Inc., Essex, CT) containing cheese agar
or a clear 96-well plate (VWR International, Radnor, PA) containing
methylene blue-cheese (MBC) agar. Solutions were allowed to dry for 20
minutes under a sterile laminar flow hood before addition of spore
suspensions. Inocula preparations of each test species were transferred onto
surface of cheese agar into designated wells using a 12-channel pipette
(Integra, Plainsboro Center, NJ, USA) to achieve a density of approximately
50 spores/well. All tests were carried out in quadruplicate wells (n=4).
Blackened 96-well plates used for fluorescent staining were sealed with a
breathable film (Diversified Biotech, Inc., Dedham, MA) to facilitate sacrificial

staining of partial plates and to minimize growth variability around the plate.

Clear 96-well plates used for image analysis were incubated with lids sealed
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using parafilm in order to minimize contamination from opening plates for

photographing. All plates were incubated at 27°C for up to 6 days.

3.2.5 Image Analysis of Mold Growth

An image analysis procedure was adopted from Jensen and Kornberg (in
preparation). Methylene blue was added to cheese agar at a concentration of
0.0001% to enhance visualization of mold growth. Incubated clear 96-well
plates were photographed using a Canon EOS Rebel DSLR Camera inside a
SP Imager light box (S&P Robotics, Inc., Toronto, Canada) using the
following settings: 5184 x 3456 pixels, autofocus, ISO 100, lens aberration
correction, auto white balance. Photographs were imported into Image J
software (National Institutes of Health, Bethesda, MD). Pixel spectra and pixel
intensity of the gray color channel were measured and analyzed using the
“‘ReadPlate” plugin using a 250-pixel diameter for each well. Pixel intensity is
an integer from 0 (black) to 255 (white) and indicates the level of
lightness/darkness of the area. The “ReadPlate” plugin utilizes the gray scale
spectra to calculate the raw integrated density (RID) in the region of interest
(ROI). The RID is defined as the sum of all gray scale values in the ROl and
provides a quantifiable measurement of mold growth for both green molds
(decreased RID) and white molds (increased RID). The change in RID from
un-inoculated wells (absolute value) of Methylene Blue Cheese agar (MBC

agar) is used to quantify mold growth.
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3.2.6 Fluorescent Staining of Mold Hyphae on Cheese Agar Surface

A fluorescent staining procedure was modified and adapted from the
procedure developed by Stagoj et al. (2004) for liquid cultures. Briefly, 60 pL
of a 1N solution of Sodium Hydroxide was added to each well along with 15
pL of Calcofluor White (1g/L, with 0.5 g/L Evans Blue) and plates were
incubated for 1 hour at 27°C. Staining solution was removed and wells
washed with 100 pL distilled water, taking care not to disturb agar surface.
Fluorescence was read at an excitation wavelength of 365 nm and an
emission of 435 nm in SpectraMax M2 plate reader (Molecular Devices, San
Jose, CA), using the following settings; Emission Auto-cutoff, 30 flashes per
read, well-scan (9-points per well).

Since chitosan is produced by the deacetylation of chitin, the compound being
stained by Calcofluor White, un-inoculated wells of chitosan were stained to
determine any possible impact on RFU measurement. There was no
evidence that the means from the untreated, un-inoculated cheese agar wells
were different from the un-inoculated wells treated with chitosan (p=1.00,

One-way ANOVA followed by Tukey Post-Hoc Test).

3.2.7 Validation of mold inhibitor efficacy on cheese

Cheese slices (Medium Cheddar Farmstyle cut, Tillamook) were purchased

locally (Fred Meyer, Corvallis, OR) and sterilized under UV light (Air Science
LLC, Fort Meyers, FL) for 20 minutes on each side. Following sterilization, a
1.5 cm diameter sterile borer was used to cut the cheese and the resulting

small circular pieces (~1.77 cm?, ~.825 cm®) of cheese were placed in sterile
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24 well plates (VWR International, Radnor, PA). Cheese pieces were either
left untreated (negative control) or treated with solutions of interest (Table
3.2), as well as 8 mg/L Natamycin (positive control). Volume of treatment was
82.97 pl to keep concentration based on volume and surface area consistent
with the fluorescent staining screening experiment. The cheese used for our
spoilage experiment had a water activity (METER Group AG, Munchen,
Germany) of .9354, possible lowered by purchasing pre-sliced. 4 replicates
given for each test, which were allowed to dry for 20 minutes under laminar
flow before mold inoculation. Resulting water activity of cheese pieces were
determined for each test after drying. Molds were inoculated onto the cheese
by placement of a 10 pL droplet of a suspension of 5x10° spores/mL,
depositing approximately 50 spores onto each piece. 4 un-inoculated, non-
treated replicates were included to ensure complete sterilization of cheese
slices was achieved. The 24-well plates were sealed with parafilm and stored
at 8°C to mimic typical consumer refrigeration conditions. Plates were

monitored daily for visual mold growth.

3.2.8 Data Analysis

All statistical analyses performed consisted of One-way ANOVAs followed by
Tukey or Dunnett’s post-hoc tests to determine significant differences. A
sample size of four was achieved for each test (n=4). Natural log (In) was
used to transform non-normally distributed RFU and RID values. All analyses

were performed in R-Studio.
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3.3 Results

3.3.1Comparison of image analysis and fluorescent staining for
quantitation of mold growth on cheese agar in 96-well plates

Each mold species evaluated grew robustly on cheese agar within the assay
period, exhibiting dark or light hyphal spread within wells that was visible
between 24 and 72 hours of inoculation (Figure A.1). Summation of pixels
according to darkness/lightness, as described in our previous work (Jensen
and Kornberg, submitted), did not yield growth signal (In RID) that agreed with
visual scoring of growth for some mold species (Figure 3.1, Figure A.1).
LOESS growth curve fits of In RID values for G. candidum, M. hiemalis, and
P. echinulatum demonstrate an increase in growth that levels off over time,
corresponding with visual observation. However, for A. niger, P. camemberti,
P. palitans, and P. roqueforti, shifts in In RID either increased then decreased,
decreased then increased, or produced no growth at all (resulting in a flat
growth curve). Instances in which RID trends did not reflect what can be seen
visually were caused by simultaneous presence of both light and dark hyphal
growth. This occurred for A. niger, P. camemberti, P. palitans, and P.
roqueforti after 104, 72, 72, and 80 hours, respectively (Figure A.1). Since the
RID of the MBC agar is in between RID values of dark and white wells, when
dark and white hyphal growth are present simultaneously, they effectively

cancel out to equal the RID of the background MBC agar.
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Figure 3.1. Growth of molds on cheese agar captured using image analysis
and fluorescent staining assays. Grayscale images of wells were converted to
raw integrated density (RID) values with natural log-transformation prior to
subtracting background (un-inoculated, non-treated wells containing MBC
agar). Relative Fluorescence Units (RFU) of Calcofluor-white stained hyphae
were also natural log-transformed. Baseline fluorescence of un-inoculated
cheese agar averaged 10.28 (10.00 to 10.50, 95% CI). Each black circle is a
measurement of a single well with each treatment replicated in four wells.
LOESS line of best fit is shown in blue, with grey shaded area representing
95% confidence intervals. Arrows indicate the time point at which wells were
visually scored as positive for mold growth (see Table 3.3).

On the other hand, for all mold species tested it was possible to observe
growth signal by fluorescent staining of mold biomass. Furthermore, for three

of the tested species an increase in In RFU was apparent at earlier time-

points than it was possible to score growth visually (Table 3.3). For example,
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all four wells of P. echinulatum were manually scored for presence of hyphal
growth at 56 hours, whereas a significant increase in In RFU occurred at 32
hours (P<0.05). By comparison, a significant change in In RID was not
detectable until 96 hours for this mold species.

While generating growth signal for a wider range of mold species, and
providing enhanced sensitivity relative to visual scoring, fluorescent staining
of mold biomass requires destructive sampling of wells. Therefore, its
application is best suited to single time-point screening. Comparison of RFU
values over time (Figure A.1) identified that for all molds there were significant
differences (P<0.05) relative to time of inoculation at 48-96 hrs.

Table 3.3. Comparison of time (in hours) to detection in mold growth on
cheese agar by visual analysis, image analysis, and fluorescent screening
assays. Time points for image analysis and fluorescent screening assays
were the first timepoint at which there was a statistically significant difference

from time O based on the average pixel intensity (In RID) and average relative
fluorescence (In RFU), respectively.

Mold species Time (hours) to detection of mold growth

Visual analysis  Fluorescent Image Analysis*

Staining
Assay*

A. niger 48 48 (0) 80 (+32)

G. candidum 24 24 (0) 24 (0)

M. hiemalis 32 24 (-8) 24 (-8)

P. camemberti 48 56 (+8) 72 (+24)

P. echinulatum 56 32 (-24) 96 (+40)

P. palitans 48 48 (0) N/A**

P. roqueforti 72 48 (-24) N/A**

*Significant increase from Time 0 based on ANOVA with a Tukey’s post-hoc
test (P<0.05)
** No significant increase noted (P>0.05, one-way ANOVA)
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3.3.2 Single Time-point Proof of Concept Experiment using Fluorescent
Staining Approach

In order to determine whether single time-point fluorescence-based screening
method could detect partial, as well as complete mold inhibition, a proof-of-
concept experiment was performed. Natamycin was applied in varying
concentrations to 96-well plates and inoculated with all mold species, and
plates processed during the 48-96hr period identified as suitable for detection
of mold growth. At 8 mg/L, natamycin was completely inhibitory to all assayed
mold species, with no difference in In RFU relative to uninoculated wells
detected at any time-point (P>0.05).

Lower concentrations of natamycin (2 - 4 mg/L) were partially inhibitory for all
mold species except M. hiemalis, which displayed In RFU values for these
natamycin concentrations that were equivalent to untreated controls (P>0.05)
at all three time-points. Partial inhibition by lower natamycin concentrations
was indicated by In RFU values that were significantly different from controls
(P<0.05) at 48 or 72 hours, but not at 96 hours. Significant inhibition was
noted for 4/7 molds at 2 and 4 mg/L natamycin at 48 hours, and 3/7 and 5/7
molds for 2 and 4 mg/L, respectively, at 72 hours. Additionally, A. niger, P.
camemberti, P. palitans, and P. echinulatum displayed increased In RFU
values in untreated control wells from 48 to 72 hours, indicating that growth
was still in progress during this time. A screening time point of 72 hours was
selected as resolution to detect partial inhibition was similar to 48 hours, with

more established hyphal growth present at 72 hours.



12 - . 3
48 hours 72 hours 96 hours
11.5 - 7 T
° | =$é &
1. -T='.'T* . _Eé*? ° <)
-— <
- ® * é N
10.5 - == = - | |  ~
10 -
12 -
N5 - o=, 'I'_"I_D_T_-.- T :“?? §
11 - 1 = 1 E
10.5 - 8
' i . i o
10 - [ [ [ [ [ [ 1 1 [ [ [ [ [ 1 1 ’ B
12.
S 115. 2
- T £
1.7 NS E =
C 105- % |- —§ S
= [ -
10- - = -
(- v [ T R (R S T R | L e
— 12 - =
N t
11.5 - e ——— i — ] 8
o $5E$* .= * % T %
11 - é* -+ = £
LC) 10.5 - = . | |- S
q) 10 - ' ' ' ' ' ' ' ? L g - ¥* N
0 12- ) ' ' ' ' ' ' ' ' ] ] ] ] ] ] ] ] ]
D15 . MR = $"'4-Em g
o » =28 D 3
= 1 -k | ¥ T £
(@] i — - g
5 10.5 ENE =K o nq:!
—_ 10- - | ¢
LI_ 12 - ' ' ' ' ' ' B B [ [ [ [ [ [ [ [
115 - 2
c
o
11 - : - $ééé = S
105 - =, |- ° 5 o
— — —
10- . i ' 1 1 1 Ll Ll Ll Ll Ll
12 -
11.5 - y ’ g
S
11 - -*?égﬁg T -é$és;_$¢ s
== = e
10,5 - == == 5 =2 '?'E_:_ - N .i ;.'
10- 1 Ll 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 ] ] ] ] ) | 1 1
*hksog2g| c48528398| 288582593
o o o

Natamycin Concentration (mg/L)

Figure 3.2 Evaluation of fluorescent staining assay to determine relative
antifungal activity of natamycin dose (0.125 -8.0 ppm) on surface of cheese
agar. Cheese agar was incubated for up to 96 hours at 27°C prior to
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fluorescent staining. Each test performed in quadruplicate (n=4) with data
reported as average fluorescence (In RFU). Average fluorescence of
uninoculated cheese agar was 10.26 (10.14 to 10.37, 95% CI). Significant
difference from untreated control (Dunnett’s post-hoc test, P<0.05) indicated
by asterisk.

3.3.3 Screening of potential combinatorial Antifungal Treatments

We previously found that thymol and clove essential oil, as well as chitosan,
were able to inhibit mold growth on cheese agar (Jensen and Kornberg, in
preparation). Results of a single time-point screen of combinatorial treatments
based upon these inhibitors, applied to the surface of cheese agar, are shown
in Figures 3.3 & 3.4. Response to thymol and clove essential oil alone and in
combination with 2000 mg/L chitosan varied by mold species. M. hiemalis
growth was not inhibited by any of the treatments, as In RFU values were not
significantly different (P>0.05) to those of untreated controls. Chitosan
inhibited growth of all other mold species (P<0.05), and any additive or
synergistic effects of combinatorial treatments would allow essential oils to be
applied at lower concentrations when combined with chitosan, relative to

application on their own.
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Figure 3.3 Inhibition of mold growth in response to varying concentrations of
clove essential oil, with and without addition of chitosan expressed by In RFU

of calcofluor-white stained biomass on surface of cheese-agar in blackened
96-well plates. Significant differences (One-way ANOVA followed by Tukey

post-hoc test) between treatments and positive controls indicated by different
letter codes (P<0.05). Ln RFU of uninoculated cheese agar was 10.51 (10.42

to 10.59, 95% ClI).
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Figure 3.4 Inhibition of mold growth in response to varying concentrations of
thymol, with and without addition of chitosan expressed by In RFU of
calcofluor-white stained biomass on surface of cheese-agar in blackened 96-
well plates. Significant differences (One-way ANOVA followed by Tukey post-
hoc test) between treatments and positive controls indicated by different letter
codes (P<0.05). Ln RFU of uninoculated cheese agar was 10.51 (10.42 to
10.59, 95% CI).
Clove Essential Oil at 800 mg/L was only found to be inhibitory by itself
towards P. palitans, but an additive inhibitory effect was found when it was
applied in combination with chitosan. This combination displayed inhibition to
not only P. palitans, but additionally to G. candidum, and P. echinulatum.
Similarly, 1600 mg/L of Clove Essential Oil displayed inhibition against A.
niger and P. camemberti, while combining the essential oil with chitosan was
found to be inhibitory to all assayed mold species except M. hiemalis.
For thymol alone, 800 mg/L showed efficacy against the Penicillium species

of camemberti, echinulatum, and palitans, while 800 mg/L combined with

chitosan was inhibitory to not only these species but to P. roqueforti as well



56

as A. niger. 1600 mg/L thymol was only effective against A. niger and P.
camembertii but addition of 2000 mg/L chitosan displayed antifungal efficacy
to all mold species except M. hiemalis. Since concentrations of 800 mg/L and
1600 mg/L for thymol and clove essential oil combined with 2000 mg/L
chitosan resulted in the highest number significant differences (decreases)
from the control across the highest number of molds these tests were chosen

to validate for efficacy on actual cheese.

3.3.4 Validation of mold inhibitor efficacy on cheese

All assayed mold species grew on the cheese surface under simulated
consumer refrigeration conditions, varying in the amount of time before
hyphal growth was visible (Figure 3.5). For untreated controls, this time varied
from 9 days (P. echinulatum) to 38 days (A. niger and P. camemberti), much
later than in the screening assay. Cheddar cheese treated with 8 mg/L
natamycin did not support development of visible hyphal growth throughout
the duration of the experiment for any of the assayed mold species. Each of
the combinatorial treatments (800 or 1600 mg/L of clove EO/thymol with
chitosan) caused a delay in hyphal growth. In some cases the delay was
relatively short (5-7 days for the 1600 mg/L Clove with 2000 mg/L chitosan
treatment against P. palitans), however 800 ppm Clove EO with 2000 mg/L
chitosan induced a delay of 22 days for growth of G. candidum. Notably, for
M. hiemalis, the combinatorial treatments were found to delay hyphal growth
through the 42-day duration of the experiment, performing as well as

natamycin. A. niger and P. camemberti experienced delayed growth of
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controls (not growing until 38 days) that limited ability to discern delays

induced by natamycin or combinatorial treatments.
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Figure 3.5 Range plot of days until appearance of visual mold growth on
cheese after application of Mold Inhibitors, with storage under simulated
consumer refrigeration conditions (8°C). Experiment was carried out for 42
days.

3.4 Discussion

Various methods have been developed to screen for antifungal compounds,
typically involving the use of liquid cultures grown in laboratory media (Medina
et al., 2012, Chadha & Kale, 2015). In this study, our objective was to validate

a method for screening on solid cheese-mimicking agar, that could be utilized
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in a high-throughput format. We found that fluorescent staining of hyphal
growth afforded advantages over imaging and image-analysis (Jensen and
Kornberg, in preparation), particularly for molds that displayed variation in
production of pigments. Filamentous fungi produce a range of pigmented
compounds such as melanins, phenazines, flavins, quinones, and
carotenoids (Gmoser et al., 2017), moreover many factors can affect pigment
production like carbon/nitrogen source, vitamins/minerals, temperature, pH,
amount of oxygen/aeration, light, stress, and irradiation (Pomberio-
Sponchiado et. Al, 2017). While imaging has limitations, the fluorescent
assay requires additional test plates if measurements at multiple time points
are desired since Calcofluor White is lethal to fungal growth. For this reason,
further efforts to address RID limitations may be advantageous. In order to
mitigate issues presented from pigment variation on RID measurements,
future research could focus on determining completely inhibitory
concentrations instead of finding delays in growth from creation of growth
curves. For example, Fowler et al. (2018) found success with determining
inhibitory concentrations of drugs against Mycobacterium tuberculosis
cultivated in 96 well plates with the use of AMyGDA software, a Python
package. This package uses backlit photos of plates with transparent
microbiological agar to determine presence of growth by quantifying the
number of dark pixels inside the well.

Using the fluorescent staining assay, we were able to detect complete

inhibition of hyphal growth on cheese agar for all tested mold species by 8
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mg/L natamycin, and partial inhibition of most species at lower
concentrations. Most food-spoilage fungi have reported inhibitory
concentrations of natamycin less than 10 mg/L (Stark & Tan, 2003). It is
important to note that inhibitory concentrations vary depending on mold
species and growth medium, with indications that lower minimum inhibitory
concentrations are exhibited by molds when grown on cheese vs. laboratory
media (Garnier et al., 2018). Application rates of natamycin vary in the
cheese industry, depending on cheese type and perceived potential for
exposure to mold spores, but are typically around 10 mg/L (Dupont). Our
method, on cheese-mimicking agar, appears to be well-suited to estimating
realistic topical applications of mold inhibitors on cheese.

Alternative clean-label inhibitors are generally less effective at inhibiting
spoilage molds than natamycin (Seydim et al., 2020) and may only cause a
delay of hyphal spread rather than complete inhibition (Kringel et al., 2020).
Assays designed to detect partial and complete inhibition have greater
chance to identify treatments that could potentially be used to extend shelf-
life. In our proof-of-concept study, we found partial inhibition for
concentrations of 2-4 mg/L natamycin across mold species, but ability to
detect this inhibition was diminished by 96 hours. For the fastest growing
mold, M. hiemalis, partial inhibition was not detected, most likely due to any
delays in mold growth being undetectable due to rapid growth. For G.
candidum, another rapid growing mold, ability to detect partial inhibition was

diminished by 72 hours for this same reason.
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Various clean label inhibitors show potential for use on cheese including
chitosan, a polysaccharide compound that has been widely studied for its
antimicrobial properties, with effectiveness largely depending on degree of
deacetylation, molecular weight, derivatization, and preparation method
(Verlee et al., 2017). Bio-active compounds like essential oils have also
widely been studied for their antifungal effects, including applications in foods
as preservatives (Pandey et al., 2017). Effective concentrations for essential
oils have been reported from 40 to 3500 mg/L (D’agostino et al., 2019); with
concentrations reportedly being organoleptically detectable as low as 50 mg/L
this may pose limitations to applicability in cheese (Farag et al., 1989). Based
upon detection of growth-delay (lag-time) by image analysis, we previously
found that both clove essential oil and thymol could exert partial inhibition
upon P. echinulatum, P. palitans, and P. roqueforti within the concentration
range of 200-1600 mg/L. Using fluorescent detection of growth inhibition at a
set time-point, we observed similar results with clove essential oil and thymol
for P. palitans and P. echinulatum. However, in this study, P. roqueforti did
not display a significantly decreased In RFU in response to either inhibitor.
Despite there being an increase (P<0.05) in lag time, the magnitude of this
difference was slight (~40 hours for Clove EO, ~45-75 hours for thymol).
Since we screened at 72 hours, some sensitivity to detect partial inhibition
could have been lost due to tests catching up to the amount of growth in the
control set. A relatively low lag time increase could also be why Jensen and

Kornberg (in preparation) found levels of 1000 - 2000 mg/L chitosan effective
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against P. roqueforti, P. palitans, and P. echinulatum (20-75 hours), but in this
study we did not find 2000 mg/L chitosan to be effective against these same
molds.

Previous studies on chitosan have demonstrated its viability as an antifungal
for food applications, with consistently increased efficacy with inclusion of
essential oils (Costa et al., 2018). We found 800 and 1600 mg/L thymol and
Clove Essential Oil combined with 2000 mg/L chitosan to be most effective
across the highest number of molds. No treatment solutions were found to be
inhibitory against M. hiemalis, possibly due to this mold growing rapidly and
reaching its maximal In RFU within 48 hours (Figure 3.1).

In our experiments, inclusion of both thymol and clove essential oil (at 800
and 1600 mg/L) combined with chitosan (2000 mg/L) demonstrate efficacy for
use on cheese as antifungal preservatives, delaying time to visual detection
of growth for all assayed fungal species that grew on cheddar cheese. This
delay in mold growth indicates the decreased In RFU proxy for mold biomass
experienced for these treatments in the previous screening experiment is an
accurate sign of antifungal activity.

Inclusion of thymol into emulsions of chitosan has previously been studied for
preservation of refrigerated pork, with success found with shelf-life extension.
However, this research focused on inhibition of bacteria rather than fungi (Liu
and Liu, 2020). Thymol, when used alone, was found to be inhibitory in
ranges from 150 to 550 against foodborne fungal pathogens when applied to

PDA (Abbaszadeh et al., 2014). However, in that case, thymol was prepared
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in 5% DMSO while we used 0.05% Tween 80 in this study. Some research
suggests that DMSO causes an additive antifungal effect to fungal
preservatives, lowering MICs (Randhawa et al., 2007).

Clove essential oil has also been studied for its antifungal properties, with
increased efficacy observed with encapsulation into chitosan when applied to
PDA. It is hypothesized that this was due to the controlled release of volatiles
from the essential oil as well as from the inhibitory effect of Chitosan alone
(Hasheminajad et. Al, 2019). Other research suggests that encapsulation is
helpful for bioactive compounds, like thymol and clove essential oil, due to
protection from oxidation, volatilization, and interactions with the food matrix
(Christaki et al., 2021).

When applied to cheese, all inhibitor solutions increased the water activity of
the substrate. In order to mitigate for potential loss of shelf life due to higher
water activity, salt or sucrose could be added to test solutions in the future to
decrease water activity of the solution itself (Rahman, 2009). When applied
as a film, chitosan has not shown to significantly affect the water activity of
cheeses (Al-Nabulsi et al., 2020). Natamycin exists as a white powder and in
the cheese industry is mixed with water and applied as a surface treatment by
spraying or immersion, or is included into wax rinds. For shredded cheeses,
anticaking agents like powdered cellulose or potato starch are combined with
natamycin to evenly coat the cheese (Delves-Broughton et al., 2005). Our
results indicate that high-throughput combinatorial screens can be performed

on cheese agar, mimicking topical application on cheese, to predict shelf-life
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extension. Shelf-life extension of up to 3 weeks were achieved by clean-label
mold inhibitors in this study. Our approach, using fluorescent staining of
hyphal mold biomass provides the ability to screen additional inhibitors and
discover moderately effective treatments.

3.5 Conclusion

The fluorescent staining of mold biomass assay for antifungal screening
provides a high-throughput format for determining efficacy of emerging mold
inhibitors for use on cheese. Compared to the established image analysis
screening method developed by Jensen and Kornberg (in preparation) the
fluorescent staining method improves throughput by only requiring a single
time point for taken measurements, compared to taking photographs at
regular time intervals for a week. Additionally, the mold pigmentation does not
affect fluorescent measurements like is apparent with image analysis.

4. General Conclusions and Future Outlook

This thesis determined the viability of using two novel high-throughput
antifungal screening methods to find emerging ‘clean-label’, ‘organic’ mold
inhibitors in hopes of finding effective alternatives to natamycin. The
development of an image analysis screening method in Chapter 3 found
antifungal activity with chitosan, as well as well with thymol and clove
essential oil. The diversity and number of molds used for screening was
expanded upon in Chapter 4, which sought to compare the use of the image
analysis screening method to another novel antifungal screening method

based on fluorescent detection of mold. A drawback of the image analysis
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screening method was discovered with completion of experiments in Chapter
4: pigmentation of mold produces irregular results for certain molds.

Chapter 4 not only sought to prove the concept of using fluorescent detection
of mold growth as a way to screen emerging mold inhibitors, but also to
increase the throughput of such a screening assay. With the use of the image
analysis screening method developed in Chapter 3, all data collected was
taken at regular time intervals for 1 week. Due to the fluorescent staining
procedure’s tests being sacrificial, since the stain kills the mold upon contact,
the screening method was developed to be completed at a single time point.
This increased the through-put of the method and allows for more inhibitors
and combinations thereof to be screened in a given time period.

The fluorescent staining method developed in Chapter 4 was also used to
determine the efficacy of combinations of antifungals. Combinatorial
antifungal treatments are not commonly used in the context of food but are
very common for battling human fungal diseases. Combinations of previously
studied antifungals demonstrated enhanced efficacy compared with singular
use. When validated on cheese under refrigeration conditions, treatments of
thymol and clove essential oil translated to a delay in time to visible mold
growth.

Our work drew upon previous research done to develop more rapid
assessments of antifungal activity. However, prior to these studies, screening
methods mostly relied on visual detection and assessment of mold growth — a

proxy that is subjective and unable to be quantified or statistically assessed.
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Additional work in this area could focus on additional emerging areas of
‘clean-label’ antifungals like bioprotective cultures or bio-active peptides. The
two antifungal screening methods from this study could be used to assess
antifungal activity of treatments of interest.

‘Clean-label’ and preservative-free ingredient labels are emerging desires
from consumers not only of cheese, but of all foods. The methods from our
studies could be used to screen alternative mold inhibitors for any food. Our
experiments used cheese microbiological agar to mimic growing conditions of
the actual food product in question, but other growing mediums could be
utilized that would mimic the growing conditions of the food in question.

An important follow-up to any mold inhibitor screening is the assessment of
sensorial impacts that an effective mold inhibitor may impart to the cheese.

Even if a mold inhibitor is extremely effective at controlling mold growth, if it
imparts undesirable aromas or flavors to the food product it will have limited
practical application. Sensory analysis should be performed before

commercialization of a food containing a new mold inhibitor.



66



67

5. References

Al-Nabulsi, A., Osalili, T., Sawalha, A., Olaimat, A.N., Albiss, B.A., Mehyar, G.,
Ayyash, M., Holley, R. (2020). Antimicrobial activity of chitosan coating ZnO
nanoparticles against E. coli 0157:H7 on the surface of white brined cheese.
International Journal of Food Microbiology. 334.
https://doi.org/10.1016/j.ijfoodmicro.2020.108838.

Abbaszadeh, S., Sharifzadeh, A., Shokri, H., Khosravi, A.R., Abbaszadeh, A. (2014).
Antifungal efficacy of thymol, carvacrol, eugenol and menthol as alternative
agents to control the growth of food-relevant fungi, Journal de Mycologie
Médicale, Volume 24, Issue 2, 2014, Pages e51-e56, ISSN 1156-5233,
https://doi.org/10.1016/j.mycmed.2014.01.063.

Altieri, C., Scrocco, C., Sinigaglia, M., Del Nobile M.A. (2005). Use of chitosan to
prolong mozzarella cheese shelf life. J Dairy Sci 88:2683—-2688.
https://doi.org/10.3168/jds.S0022-0302(05)72946-5

Alvelo-Maurosa, J. G., Lee, S. J., Hazen, S. P., & Leschine, S. B. (2016). Direct
imagebased enumeration of Clostridium phytofermentans cells on insoluble
plant biomass growth substrates. Applied and Environmental Microbiology,
82(3), 972—-978. https://doi.org/10.1128/AEM.03119-15

Aran, N., & Eke, D. (1987). Mould mycoflora of Kasar cheese at the stage of
consumption. Food Microbiology. 4(2), 101-104.
https://doi.org/10.1016/0740-0020(87)90024-4

Badve, M., Gogate, P., Pandit, A., & Csoka, L. (2013). Hydrodynamic cavitation as a
novel approach for wastewater treatment in wood finishing industry.
Separation and Purification Technology, 106, 15-21.
https://doi.org/10.1016/j.seppur.2012.12.029

Bakkali, F., Averbeck, S., Averbeck, D., & Idaomar, M. (2008). Biological effects of
essential oils — A review. Food and Chemical Toxicology, 46(2), 446-475.
https://doi.org/10.1016/j.fct.2007.09.106.

Banjara, N., Suhr, M. J., & Hallen-Adams, H. E. (2015). Diversity of Yeast and Mold
Species from a Variety of Cheese Types. Current Microbiology, 70(6), 792—
800. https://doi.org/10.1007/s00284-015-0790-1

Barrios, M.J., Medina, L.M., Lopez, M.C., Jordano R (1998). Fungal biota isolated
from Spanish cheeses. J Food Saf 18:151-157.
https://doi.org/10.1111/j.1745-4565.1998.tb00210.x



68

Bendicho, S., Barbosa-Cénovas, G.V., & Martin, O. (2002). Milk processing by high
intensity pulsed electric fields, Trends in Food Science & Technology, 13(6-
7), 195-204. https://doi.org/10.1016/S0924-2244(02)00132-2

Beuchat, L. R. (1983). Influence of Water Activity on Growth, Metabolic Activities
and Survival of Yeasts and Molds. Journal of Food Protection, 46(2), 135-
141. https://doi.org/10.4315/0362-028X-46.2.135

Bitar, A., Ghaddar, T., Malek, A. (2008). Sensory thresholds of selected phenolic
constituents from thyme and their antioxidant potential in sunflower oil.
JAOCS, J Am Oil Chem Soc 85:641-646. https://doi.org/10.1007/s11746-
008-1244-8

Bokulich, N. A., & Mills, D. A. (2013). Facility-specific “house” microbiome drives
microbial landscapes of artisan cheesemaking plants. Applied and
Environmental Microbiology, 79(17), 5214-5223.
https://doi.org/10.1128/AEM.00934-13

Boothe, D. M. (2015). Polyene Macrolide Antibiotics Antifungal Activity Mode of
Action: Antifungal Spectra. Merck Veterinary Manual.
https://www.merckvetmanual.com/pharmacology/antifungal-agents/polyene-
macrolide-
antibiotics#:~:text=Thepolyenemacrolideshavebeen,antibioticsusedinveter...1
14

Brockman, C., & Beeren, C.J.M. (2011). Additives in Dairy Foods | Consumer
Perceptions of Additives in Dairy Products, (J.W. Fuquay, Ed.). Encyclopedia
of Dairy Sciences (Second Edition), Academic Press, 41-48,
https://doi.org/10.1016/B978-0-12-374407-4.00003-0.

Bucio, A., Moreno-Tovar, R., Bucio, L., Espinosa-Davila, J., & Anguebes-Franceschi,
F. (2021) Characterization of Beeswax, Candelilla Wax and Paraffin Wax for
Coating Cheeses. Coatings. 11(3), 261.
https://doi.org/10.3390/coatings11030261

Buzby, J.C., Farah-Wells, H., & Hyman, J. (2014) The estimated amount, value, and
calories of postharvest food losses at the retail and consumer levels in the
United States. USDA-ERS.
https://www.ers.usda.gov/webdocs/publications/43833/43680_eib121.pdf?v=3
544.1

Calhoun, D. L., & Galgiani, J. N. (1984). Analysis of pH and Buffer Effects on
Flucytosine Activity in Broth Dilution Susceptibility Testing of Candida
albicans in Two Synthetic Media. Antimicrobial Agents and Chemotherapy,
26(3), 364-367. https://doi.org/10.1128/AAC.26.3.364



69

Can, F.O., Demirci, A., Puri, V.M., & Gourama, H. (2014). Decontamination of Hard
Cheeses by Pulsed UV Light. Journal of Food Protocol. 77(10), 1723-1731.
https://doi.org/10.4315/0362-028X.JFP-13-559

Ceylan, E., McMahon, W., Garren, D.M. (2017). Thermal inactivation of listeria
monocytogenes and salmonella during water and steam blanching of
vegetables. J Food Prot 80:1550-1556. https://doi.org/10.4315/0362-
028X.JFP-16-517

CFR - Code of Federal Regulations Title 21, Pub. L. No. CFR Title 21, Part 172-
Food Additives Permitted for Direct Addition to Food for Human Consumption,
U.S. Food and Drug Administration.
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfrICFRSearch.cfm?fr=1
72.155

Chadha, S., and Kale, S.P. (2015). Simple fluorescence-based high throughput cell
viability assay for filamentous fungi. Letters in applied microbiology, 61(3),
238-244. https://doi.org/10.1111/lam.12460

Chen, G. Q., Lu, F. P., & Du, L. X. (2008). Natamycin production by Streptomyces
gilvosporeus based on statistical optimization. Journal of Agricultural and
Food Chemistry, 56(13), 5057-5061. https://doi.org/10.1021/j{f800479u

Cheong, E.Y.L., Sandhu, A., Jayabalan, J., Le, T.T.K., Nhielp, N.T., Ho, H.T.M.,
Zwielehner, J., Bansal, N., Turner, M.S. (2014). Food Control. 46, 91-97.
https://doi.org/10.1016/j.foodcont.2014.05.011

Christaki, S., Moschakis, T., Kyriakoudi, A., Biliaderis, C.G., Mourtzinos, I. (2021).
Recent advances in plant essential oils and extracts: Delivery systems and
potential uses as preservatives and antioxidants in cheese. Trends in Food
Science & Technology. 116, 264-278.
https://doi.org/10.1016/j.tifs.2021.07.029

Cong, F., Zhang, Y., Dong, W. (2007). Use of surface coatings with natamycin to
improve the 90 storability of Hami melon at ambient temperature. Postharvest
Biol Technol 46:71-75.
https://doi.org/10.1016/J.POSTHARVBIO.2007.04.005

Conte, A., Scrocco, C., Sinigaglia, M., Del Nobile, M.A. (2007). Innovative active
packaging systems to prolong the shelf life of Mozzarella cheese. J Dairy Sci
90:2126-2131. https://doi.org/10.3168/jds.2006-709

Cosetta, C.M., Wolfe, B.E. (2019). Deconstructing and reconstructing cheese rind
microbiomes for experiments in microbial ecology and evolution. Curr Protoc
Microbiol 56:e95. https://doi.org/10.1002/cpmc.95



70

Costa, M., Maciel, L.C., Teixeria, J.A, Vicente, A.A., Cerqueria, M.A. (2018). Use of
Edible Films and Coatings in Cheese Preservation: Opportunities and
Challenges. Food Research International. 107, 84-92.
https://doi.org/10.1016/j.foodres.2018.02.013

D’agostino, M., Tesse, N., Frippiat, J.P., Machourat, M., Debourgogne, A. (2019).
Essential Oils and Their Natural Active Compounds Presenting Antifungal
Properties. Molecules. 24(20), 3713. doi:10.3390/molecules24203713

Dalié, D. K. D., Deschamps, A. M., & Richard-Forget, F. (2010). Lactic acid bacteria
- Potential for control of mould growth and mycotoxins: A review. Food
Control, 21(4), 370-380. https://doi.org/10.1016/j.foodcont.2009.07.011

Datta, N. & Deeth, H.C. (1999). High pressure processing of milk and dairy products.
Australian Journal of Dairy Technology. 54(1), 41-48.

Davidson, P. M., & Zivanovic, S. (2003). 2 - The use of natural antimicrobials,

Editor(s): Peter Zeuthen, Leif Bagh-Sgrensen, In Woodhead Publishing Series in
Food Science, Technology and Nutrition, Food Preservation Techniques,
Woodhead Publishing, 2003, Pages 5-30,
https://doi.org/10.1533/9781855737143.1.5.

H.C. Deeth and C.H. Fitz-Gerald. (1983). In: Developments in dairy chemistry (Ed.
P.F. Fox) Applied Science, London, pp. 195-239.

Delavenne, E., Mounier, J., Déniel, F., Barbier, G., & le Blay, G. (2012). Biodiversity
of antifungal lactic acid bacteria isolated from raw milk samples from cow,
ewe and goat over one-year period. International Journal of Food
Microbiology, 155(3), 185-190.
https://doi.org/10.1016/j.ijfoodmicro.2012.02.003

Delgado, J., Peromingo, B., Nufez, F., & Asensio, M.A. (2016). Use of molds and
their antifungal proteins for biocontrol of toxigenic molds on dry-ripened
cheese and meats. Current Opinion in Food Science, 11, 40-45.
https://doi.org/10.1016/j.cofs.2016.09.003

Delves-Broughton, J. (2011). 6 - Natural antimicrobials as additives and ingredients
for the preservation of foods and beverages, In D. Baines & R. Seal (Eds.),
Woodhead Publishing Series in Food Science, Technology and Nutrition,
Natural Food Additives, Ingredients and Flavourings (127-161), Woodhead
Publishing, https://doi.org/10.1533/9780857095725.1.127.

Devlieghere, F., Vermeiren, L., Debevere, J. (2004). New preservation technologies:
Possibilities and limitations. Int Dairy J 14:273-285.
https://doi.org/10.1016/j.idairyj.2003.07.002



71

Dix, N.J., Webster, J. (1995). Fungi of Extreme Environments. In Fungal Ecology
(8332-340). Springer, Dordrecht. https://doi.org/10.1007/978-94-011-0693-
112

Duran, A., & Kahve, H. (2017). The Use of Lactoferrin in the Food Industry.
Academic Journal of Science. 07(02), 89-94.
https://www.researchgate.net/publication/317258941 THE_USE_OF_LACTO
FERRIN_IN_FOOD_INDUSTRY

Duan, J., Park, S.-1., Daeschel, M.A.A., Zhao, Y. (2007). Antimicrobial chitosan-
lysozyme (CL) films and coatings for enhancing microbial safety of mozzarella
cheese. J Food Sci 72:M355-M362. https://doi.org/10.1111/}.1750-
3841.2007.00556.x

Dupont. (N.d.). Natamax Salt, A Natural Antimycotic Produced By Fermentation.
720-08/03

Fajardo, P., Martins, J.T., Fucifios, C. (2010). Evaluation of a chitosan-based edible
film as carrier of natamycin to improve the storability of Saloio cheese. J Food
Eng 101:349-356. https://doi.org/10.1016/j.jffoodeng.2010.06.029

Fani, M., Kohanteb, J. (2017). In vitro antimicrobial activity of thymus vulgaris
essential oil against major oral pathogens. J Evidence-Based Complement
Altern Med 22:660-666. https://doi.org/10.1177/2156587217700772

Farag, R.S., Badei, A.Z.M.A., El Baroty, G.S.A. (1989). Influence of thyme and clove
essential oils on cottonseed oil oxidation. J Am Oil Chem Soc 66:800-804.
https://doi.org/10.1007/BF02653671

Farber, J.M. (1991). Microbiological Aspects of Modified-Atmosphere Packaging
Technology - A Review. Journal of Food Protection. 54(1), 58-70.
https://doi.org/10.4315/0362-028X-54.1.58

Fernandez, B. Vimont, A., Desfosses-Foucault E., Daga, M., Arora, G., Fliss, I.
(2017). Antifungal activity of lactic acid propionic acid bacteria and their
potential as protective culture in cottage cheese. Food Control, 73, 350-356.
https://doi.org/10.1016/j.foodcont.2017.03.007

Filtenborg, O., Frisvad, J.C., & Thrane, U. (1996). Moulds in food spoilage.
International Journal of Food Microbiology, 33(1).
https://doi.org/10.1016/0168-1605(96)01153-1

Foltinova, D., Tancinova, D., Cisarova, M. (2019). Inhibitor Effect of Essential Oils on
the Growth of Geotrichum Candidum. Journal of Microbiology, Biotechnology,
and Food Sciences 9:380-384. 10.15414/jmbfs.2019.9.special.380-384



72

Food Ingredient Quality Standards: Whole Foods Market. (n.d.). Whole Foods.
Retrieved November 10, 2020, from
https://www.wholefoodsmarket.com/quality-standards/food-ingredient-
standards

Fowler, P.W., Cruz, A.L.G, Hoosdally, S.J, Jarrett, L., Borroni, E., Chiacchiaretta, M.,
Rathod, P., Lehmann, S., Molodtsov, N., Walker, T.M., Robinson, E.,
Hoffman, H. Peto, T.E.A., Cirollo, D.M., Smith, G.E., Crook, D. (2018).
Automated detection of bacterial growth on 96-well plates for high-throughput
drug susceptibility testing of Mycobacterum tuberculosis. Microbiology. 164,
1522-1530. https://doi.org/10.1099/mic.0.000733

Fox, P.F., Guinee, T.P., Cogan, T.M., McSweeney, P.L.H. (2017). Overview of
Cheese Manufacture. In: Fundamentals of Cheese Science (pp. 11-25).
Springer. https://doi.org/10.1007/978-1-4899-7681-9 2

Fox, P.F., Guinee, T.P., Cogan, T.M., & McSweeney, P.L.H. (2016). Pathogens in
Cheese and Foodborne llinesses. In: Fundamentals of Cheese Science (pp.
681-713). Springer. https://doi.org/10.1007/978-1-4899-7681-9 19

Garnier, L., Salas, M. L., Pinon, N., Wiernasz, N., Pawtowski, A., Coton, E., Mounier,
J., & Valence, F. (2018). Technical note: High-throughput method for
antifungal activity screening in a cheese-mimicking model. Journal of Dairy
Science, 101(6), 4971-4976. https://doi.org/10.3168/jds.2017-13518

Garnier, L., Valence, F., & Mounier, J. (2017). Diversity and Control of Spoilage
Fungi in Dairy Products: An Update. Microorganisms, 5(3), 42.
https://doi.org/10.3390/microorganisms5030042

Garnier, L., Valence, F., Pawtowski, A., Auhustsinava-Galerne, L., Frotté, N.,
Baroncelli, R., Deniel, F., Coton, E., Mounier, J. (2017). Diversity of spoilage
fungi associated with French dairy products. International Journal of Food
Microbiology. 241, 191-197. https://doi.org/10.1016/j.ijfoodmicro.2016.10.026

Gmoser, R., Ferreira, J.A., Lennartsson, P.R., Taherzadeh, M. (2017). Filamentous
ascomycetes fungi as a source of natural pigments. Fungal Biology and
Biotechnology. 4, 4. https://doi.org/10.1186/s40694-017-0033-2

Grocery - Things We Won’t Carry and Why: Natural Grocers. (n.d.). Natural Grocers.
Retrieved November 10, 2020, from https://www.naturalgrocers.com/grocery-
things-we-wont-carry-and-why

Gunders, D., Bloom., J. (2017). Wasted: How America is losing up to 40 percent of
its food from farm to fork to landfill. Natural Resources Defense Council, New
York. https://www.nrdc.org/resources/wasted-how-america-losing-40-percent-
its-food-farm-fork-landfill



73

Gustavsson, J. (2011). Global food losses and food waste: extent, causes and
prevention. Food and Agriculture Organization of the United Nations.
https://www.fao.org/3/i2697e/i2697e.pdf

Gutierrez, J., Rodriguez, G., Barry-Ryan, C., Bourke, P. (2008). Efficacy of plant
essential oils against foodborne pathogens and spoilage bacteria associated
with ready-to-eat vegetables: antimicrobial and sensory screening. J Food
Prot 71:1846-1854. https://doi.org/10.4315/0362-028X-71.9.1846

Han, J.H., Patel, D., Kim, J.E., Min, S.C. (2014). Retardation of listeria
monocytogenes growth in mozzarella cheese using antimicrobial sachets
containing rosemary oil and thyme oil. J FoodSci 79:E2272—-E2278.
https://doi.org/10.1111/1750-3841.12659

Hasheminejad, N., Khodaiyan, F., Safari, M. (2019). Improving the antifungal activity
of clove essential oil encapsulated by chitosan nanoparticles, Food
Chemistry, 275, 113-122, https://doi.org/10.1016/j.foodchem.2018.09.085.

Hassanin, N.1. (1993). Detection of mycotoxigenic fungi and bacteria in processed
cheese in Egypt, International Biodeterioration & Biodegradation, 31(1), 15—
23. https://doi.org/10.1016/0964-8305(93)90011-P

Hickey, D.K., Guinee, T.P., Hou, J., Wilkinson, M.G. (2013). Effects of variation in
cheese composition and maturation on water activity in Cheddar cheese
during ripening. https://doi.org/10.1016/j.idairy].2012.11.006

Hocking, A.D., Faedo, M. (1992). Fungi causing thread mould spoilage of vacuum
packaged Cheddar cheese during maturation. International Journal of Food
Microbiology, 16(2), 123-130. https://doi.org/10.1016/0168-1605(92)90005-N

Huang, L., Hwang, A. & Phillips, J. (2011), Effect of Temperature on Microbial
Growth Rate—Mathematical Analysis: The Arrhenius and Eyring—Polanyi
Connections. Journal of Food Science, 76, 553-

560. https://doi.org/10.1111/j.1750-3841.2011.02377.x

Hymery, N., Vasseur, V., Coton, M., Mounier, J., Jany, J. L., Barbier, G., & Coton, E.
(2014). Filamentous fungi and mycotoxins in Cheese: A review.
Comprehensive Reviews in Food Science and Food Safety, 13(4), 437-456.
https://doi.org/10.1111/1541-4337.12069

Inglin, R. C., Stevens, M., Meile, L., Lacroix, C., Meile,L., (2015).

High-throughput screening assays for antibacterial and antifungal activities of
Lactobacillus species, Journal of Microbiological Methods, 114, 26-29,
https://doi.org/10.1016/j.mimet.2015.04.011.



74

Imani Rad H, Arzanlou M, Ranjbar Omid M, et al (2017). Effect of culture media on
chemical stability and antibacterial activity of allicin. J Funct Foods 28:321—
325. https://doi.org/10.1016/}.jff.2016.10.027

Khorshidian, N., Yousefi, M., Khanniri, E., Mortazavian, A.M. (2018). Potential
Application of Essential Oils as Antimicrobial Preservatives in Cheese.
Innovative Food Science & Emerging Technologies, 45, 62-72.
https://doi.org/10.1016/j.ifset.2017.09.020

Kingsbury, J. M., Heitman, J., & Pinnell, S. R. (2012). Calcofluor white combination
antifungal treatments for trichophyton rubrum and candida albicans. PLoS
ONE, 7(7). https://doi.org/10.1371/journal.pone.0039405

Kjeldgaard, B., Neves, A. R., Fonseca, C., Kovacs, & A. T., Dominguez-Cuevas, P.
(2021). Development of quantitative high-throughput screening methods for
identification of antifungal biocontrol strains. bioRxiv,
https://doi.org/10.1101/2021.06.23.449687

Konuk, H.B., and Erguden, B. (2017). Antifungal Activity of Various Weak Organic
Acids and Their Synergistic Effect Against S. Cervisiae. International Journal
of Advanced Research 5(12), 692-697.
http://dx.doi.org/10.21474/IJAR01/6008

Koutchma, T. (2009). Advances in Ultraviolet Light Technology for Non-thermal
Processing of Liquid Foods. Food and Bioprocess Technology, 2, 138-155,
https://doi.org/10.1007/s11947-008-0178-3

Kringel, D.H., Ferreria da Silva, W.M., Biduski, B., Waller, S.B., Lim, L.T., Dias,
A.R.G., Zabareze, E.D.R. (2018). Free and encapsulated orange essential oil
into B-cyclodextrin inclusion complex and zein to delay fungal spoilage in
cakes. Journal of Food Processing and Preservation, 44(5).
ttps://doi.org/10.1111/jfpp.14411

Kucukkaya, S. Arslan, B., Soncu, E.D., Ertuk, D., Soyer, A. (2020). Effect of
Chitosan-Essential Oil, a Surface Mold Inhibitor, on Microbiological and
physiochemical characteristics of semidried fermented sausages. Journal of
Food Science. 85, 1240-1247. https://doi.org/10.1111/1750-3841.15053

Kuorwel, K., Cran, M.J., Sonneveld, K., Miltz, J., Bigger, S.W. (2012). Evaluation of
Antifungal Activity of Antimicrobial Agents on Cheddar Cheese. Packaging
Technology and Science. 27, 49-58. https://doi.org/10.1002/pts.2003

Kure, C.F., & Skaar, I. (2000). Mould growth on Norwegian semi-hard cheeses
Norvegia and Jarlsberg. International Journal of Food Microbiology, 2000,
62(1-2), 133-137. https://doi.org/10.1016/S0168-1605(00)00384-6



75

Kure, C. F., Skaar, |., & Brendehaug, J. (2004). Mould contamination in production of
semi-hard cheese. International Journal of Food Microbiology, 93(1), 41-49.
https://doi.org/10.1016/j.ijfoodmicro.2003.10.005

Kure, C. F., & Skaar, I. (2019). The fungal problem in cheese industry. Current
Opinion in Food Science, 29, 14-19,
https://doi.org/10.1016/j.cofs.2019.07.003

Kure, C.F., Wasteson, Y., Brendehaug, J., Skaar, I. (2001). Mould contaminants on
Jarlsberg and Norvegia cheese blocks from four factories. International
Journal of Food Microbiology, 70(1-2), 21-27. https://doi.org/10.1016/S0168-
1605(01)00520-7

Larsen, T. O., Gareis, M., & Frisvad, J. C. (2002). Cell cytotoxicity and mycotoxin
and secondary metabolite production by common penicillia on cheese agar.
Journal of Agricultural and Food Chemistry. 50(21), 6148-6152.
https://doi.org/10.1021/jf020453i

Lawrence, R. C., Gilles, J., Creamer, L. K., Crow, V. L., Heap, H. A., Honoré, C. G.,
Johnston, K. A., & Samal, P. K. (2004). Cheddar cheese and related dry-
salted cheese varieties. In P. F. Fox, P. L. H. McSweeney, T. M. Cogan, & T.
P. Guinee (Eds.), Cheese: Chemistry, Physics and Microbiology (pp. 71-102),
Academic Press, (Volume 2), https://doi.org/10.1016/S1874-558X(04)80040-
X

Leistner, L., & Gorris, L. G. M. (1995). Food preservation by hurdle technology,
Trends in Food Science & Technology, 6(2), 41-46,
https://doi.org/10.1016/S0924-2244(00)88941-4.

Lind, H., Sjogren, J., Gohil, S., Kenne, L., Schnurer, J., & Broberg, A. (2007).
Antifungal compounds from cultures of dairy propionibacteria type strains.
FEMS Microbiology Letters, 271(2), 310-315. https://doi.org/10.1111/].1574-
6968.2007.00730.x

Liu, Q., Meng, X., Li, Y. (2017). Antibacterial and antifungal activities of spices. Int J
Mol Sci 18:1283. https://doi.org/10.3390/ijms18061283

Matan, N. (2012). Antimicrobial activity of edible film incorporated with essential oils
to preserved dried fish (Decapterus maruadsi). Int Food Res J 19:1733-1738

Medina, A., Lambert, R.J.W., Magan, N. (2012). Rapid throughput analysis of
filamentous fungal growth using turbidimetric measurements with Bioscreen
C: a tool for screening antifungal compounds. Fungal Biology, 116(1), 161-
169. https://doi.org/10.1016/j.funbio.2011.11.001



76

Liu & Liu. (2020). Fabrication and Characterization of Chitosan Nanoemulsions
loading Thymol or Thyme Essential Oil for the Preservation of Refrigerated
Pork. International Journal of Biological Macromolecules. 162, 1509-1515,
https://doi.org/10.1016/j.ijbiomac.2020.07.207

Lu, M., & Wang, N.S. (2017). Chapter 7 - Spoilage of Milk and Dairy Products, In A.
Bevilacqua, M. R. Corbo, & M. Sinigaglia (Eds.), In Woodhead Publishing
Series in Food Science, Technology and Nutrition, The Microbiological
Quiality of Food (pp. 151-178), Woodhead Publishing,
https://doi.org/10.1016/B978-0-08-100502-6.00010-8.

Lucera, A., Costa, C., Conte, A., Del Nobile, M.A. (2012). Food applications of
natural antimicrobial compounds. Front Microbiol 3:1-13.
https://doi.org/10.3389/fmicb.2012.00287

Lund, F., Filtenborg, O., Frisvad, J.C. (1995). Associated mycoflora of cheese. Food
Microbiology. 12, 173-180. https://doi.org/10.1016/S0740-0020(95)80094-8

Marin, P., Palmero, D., & Jurado, M. (2015). Occurrence of moulds associated with
ovine raw milk and cheeses of the Spanish region of Castilla La Mancha.
International Journal of Dairy Technology, 68(4), 565-572.
https://doi.org/10.1111/1471-0307.12208

Martin, N.H., Torres-Frenzel, P., & Wiedmann, M. (2021). Invited review: Controlling
dairy product spoilage to reduce food loss and waste, Journal of Dairy
Science, 104(2), Pages 1251-1261, https://doi.org/10.3168/jds.2020-19130

Martinez, K., Ortiz, M., Albis A., Gilma Gutierrez Castaneda C., Valencia, M.E.,
Grande Tovar, C.D. (2018). The Effect of Edible Chitosan Coatings
Incorporated with Thymus captilus Essential Oil on the Shelf-Life of
Strawberry during Cold Storage. Biomolecules, 8, 155.
https://doi.org/10.3390/biom8040155

Masaotti, F., Cattaneo, S., Stuknyté, M., & De Noni, I. (2019). Airborne contamination
in the food industry: An update on monitoring and disinfection techniques of
air, Trends in Food Science & Technology, 90, 147-156,
https://doi.org/10.1016/j.tifs.2019.06.006.

Masoud, W. & Jakobsen, M. (2003). Surface ripened cheeses: the effects of
Debaryomyces hansenii, NaCl and pH on the intensity of pigmentation
produced by Brevibacterium linens and Corynebacterium flavescens,
International Dairy Journal, 13(2-3), 2003, 231-237,
https://doi.org/10.1016/S0958-6946(02)00147-4.

Mehyar, G.F., Nabulsi, A.A.A., Saleh, M., Olaimat, A.N., Holley, R.A. (2017). Effects
of chitosan coating lyszyme or natamycin on shelf-life, microbbial quality, and



77

sensory properties of halloumi cheese brined in normal and reduced salt
solutions. J Food Process Preserv 42:€13324.
https://doi.org/10.1111/jfpp.13324

Membré, J. M., Kubaczka, M., & Né, C. C. (1999). Combined Effects of pH and
Sugar on Growth Rate of Zygosaccharomyces rouxii, a Bakery Product
Spoilage Yeast. Applied and Environmental Microbiology, 65(11),
https://doi.org/10.1128/AEM.65.11.4921-4925.1999

Meyer, J. D., Cerveny, J. G., & Luchansky, J. B. (2003). Journal of Food Protection,
66(8), 1474-1478. https://doi.org/10.4315/0362-028X-66.8.1474

Montagna, M. T., Santacroce, M. P., Spilotros, G., Napoli, C., Minervini, F., Papa, A.,
& Dragoni, I. (2004). Investigation of fungal contamination in sheep and goat
cheeses in southern Italy. Mycopathologia, 158, 245-249.
https://doi.org/10.1023/B:MYC0.0000041897.17673.2C

Moubasher, A.H., Abdel-Kader, M.I.A, El-Kady, I.A. (1978). Toxigenic Fungi Isolated
from Roquefort Cheese. Mycopathologia, 66, 187-190.
https://doi.org/10.1007/BF00683970

Neviani, E., Lindner, J. D. D., Bernini, V., & Gatti, M. (2009). Recovery and
differentiation of long ripened cheese microflora through a new cheese-based
cultural medium, Food Microbiology, 26(3), 240-245, ISSN 0740-0020,
https://doi.org/10.1016/j.fm.2009.01.004

Ojaghian, S., Zhang, L., & Wang, L. (2020). Inhibitory effect of natamycin against
carrot white mold caused by Sclerotinia sclerotiorum. Tropical Plant
Pathology, 45, 425-433, https://doi.org/10.1007/s40858-020-00369-2

Omidbeygi, M., Barzegar, M., Hamidi, Z., Naghdibadi, H. (2007).

Antifungal activity of thyme, summer savory and clove essential oils against
Aspergillus flavus in liquid medium and tomato paste, Food Control, Volume
18, Issue 12,

2007, Pages 1518-1523, ISSN 0956-7135,
https://doi.org/10.1016/j.foodcont.2006.12.003

Pan, S., Agyei, D., Jeevanandam, J., Danquah, M.K. (2019). Bio-active Peptides:
Role in Plant Growth and Defense. In M. S. Akhtar and N.K. Swamy (Eds.)
Natural Bio-active Compounds. Springer, Singapore.
https://doi.org/10.1007/978-981-13-7438-8_1

Pandey, A.K., Pradeep, K., Singh, P., Tripathi, N.N., Bajpai, V.K. (2017). Essential
Oils: Sources of Antimicrobials and Food Preservatives. Frontiers in
Microbiology, 7:2161. https://doi.org/10.3389/fmicb.2016.02161



78

Papargyropoulou, E., Lozano, R., Steinberger, J.K., Wright, N.,& Ujang, Z. B. (2014).
The food waste hierarchy as a framework for the management of food surplus
and food waste, Journal of Cleaner Production, 76, 106-115
https://doi.org/10.1016/j.jclepro.2014.04.020

Pastorino, A.J., Hansen, C.L., McMahon, D.J. (2003). Effect of pH on the Chemical
Composition and Structure-Function Relationships of Cheddar Cheese,
Journal of Dairy Science, Volume 86, Issue 9, 2751-2760, ISSN 0022-0302,
https://doi.org/10.3168/jds.S0022-0302(03)73871-5.

Pinto E, Vale-Silva L, Cavaleiro C, Salgueiro L (2009). Antifungal activity of the clove
essential oil from Syzygium aromaticum on Candida, Aspergillus and
dermatophyte species. J Med Microbiol 58:1454-1462.
https://doi.org/10.1099/jmm.0.010538-0

Pedersen, J.C. (1992). Natamycin as a fungicide in agar media. Appl Environ
Microbiol 58:1064— 1066

Pomberio-Sponchiado, S.R., Sousa, G.S., Andrade, J.C.R., Lisboa, H.F.,
Goncalves, R.C.R. (2017). Production of Melanin Pigment by Fungi and Its
Biotechnological Applications. In (Ed.), Melanin. IntechOpen.
https://doi.org/10.5772/67375

Pottier, I., Gente, S., Vernoux, J.P., Guéguen, M. (2007). Safety assessment of dairy
microorganisms: Geotrichum candidum. International journal of food
microbiology. 126. 327-32. 10.1016/j.ijffoodmicro.2007.08.021.

Rahman, M.S. (2009). Data and Models of Water Activity: Solutions and Liquid
Foods, from: Food Properties Handbook CRC Press.
https://www.routledgehandbooks.com/do0i/10.1201/9781420003093.ch3

Raley’s One Market Banned Ingredients - Raley’s Family of Fine Stores. (n.d.).
Raleys. Retrieved November 10, 2020, from
https://www.raleys.com/landing/raleys-one-market/raleys-one-market-banned-
ingredients/

Randhawa, M.A. (2006). The effect of dimethyl sulfoxide (DMSO) on the growth of
dermatophytes. Jpn. J. Med. Mycol. 47, 313-318.

Rawat, S. (2015). Food Spoilage: Microorganisms and their prevention. Asian
Journal of Plant Science and Research, 5(4), 47-56.

Ricciardi, E. F., Pedros-Garrido, S., Papoutsis, K., Lyng, J.G., Conte, A., & Del
Nobile, M. A. (2020). Novel Technologies for Preserving Ricotta Cheese:
Effects of Ultraviolet and Near-Ultraviolet—Visible Light. Foods. 9(5), 580.
https://doi.org/10.3390/foods9050580



79

Salas, L. M., Mounier, J., Valence, F., Coton, M., Thierry, A., & Coton, E. (2017).
Antifungal Microbial Agents for Food Biopreservation—A
Review. Microorganisms. 5(3), 37.
https://doi.org/10.3390/microorganisms5030037

Salas, L.M., Mounier, J., Maillard, M., Valence, F., Coton, E., Thierry, A. (2019).
Identification and quantification of natural compounds produced by antifungal
bioprotective cultures in dairy products. Food Chemistry 301.
https://doi.org/10.1016/j.foodchem.2019.125260

Salas, L.M.., Thierry, A., Lemaitre, M., Garric, G., Harel-Oger, M., Chatel, M., Le, S.,
Mounier, J., Valence, F., Coton, E. (2018). Antifungal Activity of Lactic Acid
Bacteria Combinations in Dairy Mimicking Models and Their Potential as
Bioprotective Cultures in Pilot Scale Applications. Frontiers in Microbiology, 9,
1787. https://doi.org/10.3389/fmicb.2018.01787

Samapundo, S., Devlieghere, F., Vroman, A., Eeckhout, M. (2017). Antifungal
Activity of Fermentates and Their Potential to Replace Prioionate in Bread.
LWT — Food Science and Technology 76, 101-107.
https://doi.org/10.1016/j.lwt.2016.10.043

Savadogo, A., Ouattara, C.A.T., Bssole, I.H.N., Traore, S. A. (2006). Bacteriocins
and Lactic Acid Bacteria — A Mini Review. African Journal of Biotechnology
5(9), 678-683. ISSN: 1684 - 5315

Schmidt, S. J., Fontana, A. J. (2008). Water activity values of select food ingredients
and products. In G. V. Barbosa-Canovas, A. J. Fontana Jr., S. J. Schmidt, T.
P. Labuza (Eds.), Water Activity in Foods: Fundamentals and Applications
(pp. 407-420). https://doi.org/10.1002/9780470376454.app5

Schonholzer, D.O., Zeyer, J. (1995). Quantification of Fungal Hyphae in Leaves of
Deciduous Trees by Automated Image Analysis. Applied and Environmental
Microbiology, 61, 3910-3918. https://doi.org/10.1128/aem.61.11.3910-
3918.1995

Shannon R, Radford DR, Balamurugan S (2019). Impacts of food matrix on
bacteriophage and endolysin antimicrobial efficacy and performance. Crit Rev
Food Sci Nutr 1-10. https://doi.org/10.1080/10408398.2019.1584874

Sigma Aldrich (n.d.). 18909 Calcofluor White Stain.
https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-
Aldrich/Datasheet/1/18909dat.pdf



80

Skandamis, P., Tsigarida, E., Nychas, G.J.E. (2002). The effect of oregano essential
oil on survival/death of Salmonella typhimurium in meat stored at 5°C under
aerobic, VP/MAP conditions. Food Microbiol 19:97-103.
https://doi.org/10.1006/fmic.2001.0447

Solomakos, N., Govari, M., Botsoglou, E., Pexara, A. (2019). Effect of modified
atmosphere packaging on physicochemical and microbiological
characteristics of Graviera Agraphon cheese during refrigerated storage. J
Dairy Res 86:483-489. https://doi.org/10.1017/S0022029919000724

Spitzer, M., Robbins, N., Wright, G. D. (2016). Combinatorial Strategies for
combating invasive fungal infections. Virulence, 8, 169-185.
https://doi.org/10.1080/21505594.2016.1196300

Sprouffske, K. (2020). growthcurver: Simple Metrics to Summarize Growth Curves.
R package version 0.3.1. https://CRAN.R-project.org/package=growthcurver

Sradhanjali, S., Yein, B., Sharma, S., Das, S. (2018). In vitro synergy of natamycin
and voriconazole against clinical isolates of Fusarium, Candida, Aspergillus
and Curvularia spp. Br J Ophthalmol 102:142-145.
https://doi.org/10.1136/bjophthalmol-2017-310683

Stagoj, M. N., Komel, R., & Comino, A. (2004). Microtiter plate assay of yeast cell
number using the fluorescent dye Calcofluor White M2R. BioTechniques, 36,
380-382. https://doi.org/10.2144/04363BMO01

Stark, J. (2003). Natamycin: an effective fungicide for food and beverages. In S.
Roller (Ed.), Natural antimicrobials for the minimal processing of foods (pp.
82-97). Woodhead Publishing Limited.
https://doi.org/10.1533/9781855737037.82.

Stark, J. & Tan, H.S. (2003). Natamycin. In Russell, N.J., Gould, G.W. (Ed.), Food
Preservatives (pp. 179-180). Springer. https://doi.org/10.1007/978-0-387-
30042-9 9

Sun, X., Xuan, X., Songying, Li, J., Chen, S., Liu, J., Zhao, S., Park, S., Yoon, J. Y.,
& Om, A. S. (2021). A novel continuous hydrodynamic cavitation technology
for the inactivation of pathogens in milk, Ultrasonics Sonochemistry, 71,
https://doi.org/10.1016/j.ultsonch.2020.105382

Stevenson, R. G., Rowe, M. T., Wisdom, G. B., & Kilpatrick, D. (2003). Growth
Kinetics and Hydrolytic Enzyme Production of Pseudomonas spp. Isolated
from pasteurized milk. Journal of Dairy Research, 70, 293-296.
https://doi.org/10.1017/S0022029903006204



81

Te Welscher, Y.M., Ten Napel, H.H., Balagué, M.M. (2008). Natamycin blocks
fungal growth by binding specifically to ergosterol without permeabilizing the
membrane. J Biol Chem 283:6393-6401.
https://doi.org/10.1074/jbc.M707821200

Tetrapak. (2015). Chapter 14 — Cheese. Dairy Processing Handbook. Lund.
https://dairyprocessinghandbook.tetrapak.com/chapter/cheese

Vadillo, S., Jesus Paya, M., Teresa Cutuli, M. Non Renseigné. (1987). Mycoflora of
milk after several types of pasteurization. Le Lait, 67(2), 265-273.

Vasconez, M.B., Flores, S.K., Campos, C.A. (2009). Antimicrobial activity and
physical properties of chitosan—tapioca starch based edible films and
coatings. Food Res Int 42:762—769.
https://doi.org/10.1016/j.foodres.2009.02.026

Vazquez, B.1., Fente, C., Franco, C.M.M. (2001). Inhibitory effects of eugenol and
thymol on Penicillium citrinum strains in culture media and cheese. Int J Food
Microbiol 67:157-163. https://doi.org/10.1016/S0168-1605(01)00429-9

Van de Vel E, Sampers I, Raes K (2019). A review on influencing factors on the
minimum
100inhibitory concentration of essential oils. Crit. Rev. Food Sci. Nutr. 59:357-378

Verlee, A., Mincke, S., Stevens, C.V. (2017). Recent developments in antibacterial
and antifungal chitosan and its derivatives, Carbohydrate Polymers, 164, 268-
283, https://doi.org/10.1016/j.carbpol.2017.02.001.

Wolfe, B.E., Button, J.E., Santarelli, M. & Dutton, R. J. (2014). Cheese Rind
Communities Provide Tractable Systems for In Situ and In Vitro Studies of
Microbial Diversity, Cell, 158(2), 422-433,
https://doi.org/10.1016/j.cell.2014.05.041.

Xiao, HW., Pan, Z., Deng, L.Z., (2017). Recent developments and trends in thermal
blanching — A comprehensive review. Inf. Process. Agric. 4:101-127

Zyvomuya, F. (2011). Wax on to protect and preserve. Milk & Juice. 16-19.
https://journals.co.za/doi/pdf/10.10520/EJC13717



82



83

Appendix

(@)

+@EDD
NO'GOD)!
NoOD'0)
NOCL D)
NOQ0)
OCR0

s
v

:
€

©
o
o
®

3

G. candidum

A. niger

X T L)

cde
—
b L abcd
abc  abc
a
3
| | [} $

ard N

N44 N1

a b L
$-‘-==

0 24 32 48 56 72 80 96 104 120 128 144

0 24 32 48 56 72 80 96 104 120 128 144

Time(hours)

(b)



M. hiemalis

84

P. camemberti

- + + + & + + + + + + + - = = + + + 2 + + + + +
® @0 © 00 0¢ 0C OO0 @@ @000 ° 00 0 920
@ ® ® 0O C 00 0 QO VLWL ©© 0 0@ © @ ¢ @ 9 © 00
@ @ ® ©0 0O DL 00 ® ® ®® ® © 5 ® e © 06
®» ® ® @ @ © O ®@ C O © » ® @ ©® © O ©® & » ®© 0 0
16° 7
- R - B S R
c _.f_ f
b = def
14 - i cdef = cdef
[T et b3 e = S T
z = =)
] =
12- :
10- d
12- i
d
cd
11.5- bc " cd od g
bed
o [ m$ 00
) —_— b be [ ¢
b c
Eo. v s T el 3 =
z 8 = =$ .
- ° ®
a
a A a
10.5- 'E—A
10- .

0 24 32 48 56 72 80 96 104 120 128 144

0 24 32 48 56 72 80 96 104 120 128 144

Time(hours)



85

.
C
~

+ @290
+ 99D
+ @D
+ DEI®
+ @D
+ OD9®
+ 9099
+ 99®
+ O99®
 998®

P. palitans

)

S99®

+ 0000
+ 0000
+ 9009
+ 0000
+ D99e®
+ DPD®
+ 909®
+ D@D

D@

P. echinulatum

 89®®
 999®

@98

16-

10.

$de
ek E?
-.b-dEI | T

=F ?
I

def
f 5

cd
de
b
- ]
0 24 32 48 56 72 80 96104120128144 ( 24 32 48 56 72 80 96 104 120 128 144

10.5-
10-

12-
11.5-
1

Nd4 N7

Time(hours)



86

(A
P. roqueforti
- - + + + + + + +
) ® ® @ ® @ @ ® ® O
. b © & @ 7%3@@9
® & ® & ®© ® 0 ©® 0 0 0O
® ® ® @ @ @ ¢ © & ©® 0 ©
16~
b
b
b b ab ; é
14- b
g a.b 2 b bEE** G g
- ==é
3
12-
10-
12-
[
11.5-
b b
=) * 1
b 11- = b i
b b '
- = 1= T
a

a a
10.5- é? i

10-
0 24 32 48 56 72 80 96 104 120 128 144
Time(hours)

Figure A.1 Boxplots and corresponding images of time series data from
Figure 1 for (a) A. niger and G. candidum (b) M. hiemalis and P. camemberti
(c) P. echinulatum and P. palitans and (d) P. roqueforti. Means not sharing
any letter are significantly different by the Tukey post-hoc test at 5% level of
significance.
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Table A.1 Water activity of cheddar cheese pieces (1.77 cm?, .825 cm?®) after
application of mold inhibitors (82.91 pL).

Mold Inhibitor Solution Applied Water activity (aw)
None (Control) 0.9354
8 mg/L Natamycin in Methanol 0.9544

400 mg/L Clove EO, 2000 mg/L Chitosan | 0.9574

800 mg/L Clove EO, 2000 mg/L Chitosan | 0.9583

800 mg/L Thymol, 2000 mg/L Chitosan 0.9566

1600 mg/L Thymol, 2000 mg/L Chitosan | 0.9585




