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SUMMARY

Ochratoxin A (OTA) is one of the most-abundant food-contaminating mycotoxins produced
by species belonging to Aspergillus and Penicillium genera. Wine is reported to be the second major
source of OTA intake after cereals. OTA is a potent nephrotoxin, classified as a group 2B, possible
human carcinogen. Aspergillus carbonarius, which belong to the Aspergillus section Nigri, has been
identified as the major cause of OTA contamination in grape-berries. OTA contamination of
grapes is strongly related to plant phenology, geographical area and meteorological conditions
and varies from season to season. Indeed, climate represents the key-factor in the agro-ecosystem
that influences fungal colonization and mycotoxin production in crops. Climate change (CC) is
expected to have a profound effect on our landscape worldwide, and also to have an important
impact on sustainable food production system. Based on existing information on climate change,
it is estimated that the environment in which crops will be grown in the next 25-50 years may
change markedly with atmospheric CO; concentration expected to double or triple (from 400 to
800-1200) and temperature to increase (+2-5°C). These projected changes in climate conditions
are likely to have a detrimental effect on food safety, with mycotoxins representing one of the
major hazards. In fact, CC effects are already evident for the widening of area exposed to
aflatoxins risks, like south east of Europe.

In addition, it is reported that in high risk years OTA contamination could exceed the
legislative limit (2 pg-L') in wine and other grape-derived products. In this respect, various
strategies for decontamination of wine from OTA have been studied in the last decade but no
reliable technique/system is available except the use of activated charcoal by reducing also wine
quality.

A Dbetter solution, potentially safe and environmentally friendly, to decontaminate grape
derived products by OTA could be biodegradation, using microorganisms or their enzymes.

Nevertheless, this technology is not commonly used in food processing.

With the present PhD project, we studied the impact of combined CC factors (i.e. increasing
temperature, water stress and elevated CO; concentrations) on the ecophysiology, expression of
OTA related genes and phenotypic OTA production in A. carbonarius strains. Such activities were
carried out in vitro by using a grape-based medium and simulating climate conditions typical of
Apulia region, which is an area in South Italy susceptible to OTA contamination.

Moreover, it has been evaluated the possibility to develop a new strategy to reduce the risk of

OTA contamination by exploiting the already known capability of A. carbonarius to degrade the
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toxin. The ultimate aim was to identify and characterize proteases responsible of OTA

degradation into the less toxic compound OTa.

Interesting results has been obtained evidencing as the expected raise of day/night
temperature may not be associated to an increase of OTA risk in the area studied. On the other
hand, experiments with 2.5x higher CO; concentrations showed that the probability of OTA
contamination may enhance and may lead to redefine the distribution of the ochratoxigenic risk
areas.

Reduced levels of OTA and the concomitant slight increase of OTa, confirmed the A.
carbonarius ability to degrade OTA. Interestingly, increased levels of some proteases encoding
genes, suggested that these might have played a key role in degrading OTA excluding that the
reduction observed was due to the also known capability of the fungus to retain the toxin. An
aspartyl protease (acid protease) was selected for further studies as a possible de-contamination

application in grape by-products.
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RIASSUNTO

L’ocratossina (OTA) ¢ una delle piu abbondanti micotossine contaminanti gli alimenti
prodotta da specie fungine appartenenti ai generi Aspergillus e Penicillium. Il vino & considerato la
seconda fonte di contaminazione da OTA dopo i cereali. OTA & una potente nefrotossina,
classificata come possibile cancerogeno per 'uvomo (Gruppo 2B). Aspergillus carbonarius,
appartenente alla sezione Nigri, ¢ considerato il maggiore responsabile della contaminazione da
OTA nell'uva. A seconda dello stadio fenologico della pianta, della zona geografica, delle
condizioni metereologiche, la contaminazione puo variare da un anno all’altro. Infatti, la
colonizzazione fungina e la produzione di micotossine negli ecosistemi agricoli ¢ influenzata dalle
condizioni climatiche. Sulla base delle informazioni esistenti relativamente al cambiamento
climatico, si stima che le coltivazioni potrebbero essere soggette a variazioni climatiche
caratterizzate dall’ aumento della concentrazione di CO, (da 400 a 800-1200 ppm) e delle
temperature (+2-5°C). Nello scenario di tali cambiamenti, la sicurezza alimentare potrebbe essere
compromessa e le micotossine rappresentare un crescente pericolo per la salute umana. Gli effetti
del cambiamento climatico (CC) sono gia evidenti risultando, ad esempio, nell’ampliamento
dell’area esposta al rischio di contaminazione da aflatossine nei paesi del sud Est Europeo.
Inoltre, in stagioni favorenti la contaminazione di OTA il limite legislativo stabilito per la sua
presenza in uva e prodotti da essa derivati (2 ug-L") potrebbe essere superato. Al riguardo, sono
state proposte numerose strategie per la decontaminazione del vino da OTA sebbene 'uso di
adsorbenti, tra cui il carbone attivo associato ad una diminuzione dei parametri organolettici e
nutritivi del prodotto finale, ad oggi sia 'unico sistema impiegato nell’industria alimentare. Una
soluzione migliore, potenzialmente sicura ed ecosostenibile, potrebbe essere rappresentata dalla
biodegradazione attraverso microorganismi ed enzimi. Tuttavia, questa strategia non &

comunemente usata.

Con il presente progetto di dottorato, abbiamo studiato I'effetto combinato di fattori del CC
(ad es. 'aumento di temperatura, stress idrico e incremento della concentrazione di CQO,)
sull’ecofisiologia, 'espressione di geni correlati alla biosintesi di OTA e la produzione fenotipica
della stessa in ceppi di A. carbonarius. Per lo svolgimento delle seguenti attivita & stato utilizzato
un sistema in vitro preparando un substrato a base di succo d’'uva e simulando condizioni
climatiche tipiche della regione Puglia, un’area particolarmente suscettibile al problema della

contaminazione da OTA.
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Inoltre, la gia nota capacita di A. carbonarius di degradare la tossina, ¢ stata considerata come
possibile strategia di riduzione di OTA. Lo scopo finale & stato quello di identificare e
caratterizzare proteasi responsabili della degradazione dell’ocratossina in OTa, un suo derivato

meno tossico.

Gli interessanti risultati ottenuti evidenziano che il preannunciato aumento delle temperature
sia diurne che notturne potrebbe non determinare un aumento del rischio ocratossigeno
nell’areale del Sud della Puglia. D’altro canto, i risultati sperimentali in riferimento
all'incremento della CO,, indicano un possibile aumento della contaminazione da OTA. Inoltre,
a causa dei cambiamenti climatici molte specie fungine potrebbero risultare resilienti oppure
trovare condizioni piu idonee al loro sviluppo in zone diverse da quelle gia note. Una rinnovata
valutazione e definizione delle aree di rischio potrebbero risultare necessarie.

La riduzione dei livelli di OTA e il concomitante aumento di OTa, hanno confermato la
capacita di A. carbonarius di degradare OTA. Infatti, 'aumento dell’espressione di alcuni geni
esaminati codificanti per proteasi, ha suggerito che queste potrebbero svolgere un ruolo chiave
nella degradazione della micotossina. Un’aspartil proteasi (proteasi acida) ¢ stata selezionata per

ulteriori studi e per il suo possibile impiego come decontaminante di prodotti derivanti dall’uva.
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1. INTRODUCTION TO MYCOTOXINS

Mycotoxins - from Greek mykes, fungus and toxicon, poison - are non-volatile, relatively low-
molecular weight, toxic secondary metabolites produced by filamentous fungi (commonly known
as moulds), naturally occurring in food and feed (Brise et al., 2009). These compounds constitute
a toxigenically and chemically heterogeneous group which are gathered together by the fact that
they can exert a dangerous effect both on human beings and other vertebrates.

The term mycotoxin was coined in 1962 in the aftermath of an unusual veterinary crisis near
London, England, during which approximately 100.000 poultry died (Blount, 1961; Forgacs,
1962). When this mysterious turkey X disease was discovered to be linked to a peanut meal
contaminated with secondary metabolites (aflatoxins) from Aspergillus flavus, it began the so
known mycotoxin gold rush during which scientists started to investigate on the possibility that
other occult mould metabolites might be deadly (Maggon et al., 1977). Mycotoxins are not only
hard to define, they are also challenging to classify, due to their diverse chemical structures and
biosynthetic origins, their biological effects, the variety of fungal species that can produce them.
Currently, almost 400 compounds are now recognized as mycotoxins, of which approximately a

dozen groups regularly receive attention as a threat to human and animal health (Bennet and

Klich, 2003).

1.1. Main mycotoxins

Mycotoxins are mainly produced by fungi belonging to Aspergillus, Penicillium, Alternaria,
Fusarium, Claviceps genera. The most relevant mycotoxins are: aflatoxins, produced by Aspergillus
species; ochratoxin A, produced by both Aspergillus and Penicillium species; trichothecenes (Type
A: HT-2 and T-2 toxin, Type B: deoxynivalenol), zearalenone, fumonisins By and B, and the
emerging mycotoxins (fusaproliferin, moniliformin, beauvericin and enniatins) produced mainly
by Fusarium species; ergot alkaloids produced by Claviceps; altenuene, alternariol, alternariol

methyl ether, altertoxin, tenuazonic acid produced by Alternaria species (Barkai-Golan, 2008;

Bottalico & Logrieco, 1998) (Table 1).



Table 1. Main mycotoxins and producing species

INTRODUCTION

Mycotoxin Acronym Species producing
AFB; _ _
AFB Aspergillus section Flavi
Aflatoxins By, B, Gy, G, > A. section Ochraceorosei
AFG A. section Nidulantes
AFG;
Aspergillus section Circumdati
A. section Nigri
A. section Flavi
Ochratoxin A OTA (A. albertensis, A. alliaceus)
Penicillium verrucosum
Penicillium nordicum
Penicillium thymicola
- ins B B Fusarium section Liseola
HIMORISIRS B, B2 FBy, FB; Aspergillus niger
Penicillium expansum,
Patulin PAT Bysochlamis nivea,
Aspergillus clavatus
HT-2, T-2 toxins HT-2 Fusarium acuminatum, F. poae
(Type A trichothecenes) T-2 F. sporotrichioides, F. langsethiae
Deoxynivalenol DON Fusarium graminearum,
(Type B trichothecenes) F. culmorum, F. cerealis
Fusarium graminearum,
Zearalenone ZEA F. culmorum, F. 'equ’zs’etz, F.cerealis,
F. verticillioides,
F. incarnatum
Alternariol AOH Alternaria alternata
Alternariol monomethyl ether AME Alternaria alternata, A. solani
Tenuazoic acid TeA Alternaria alternata
Altertoxins ALTs A. tenuissima
Altenuene ALT Alternaria alternata

Based on Marin et al., 2013; Perrone & Gallo, 2017
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1.2. Occurrence of toxigenic fungi throughout the food chain

Invasion by fungi and production of mycotoxins in commodities may occur at various points
in the food chain: at pre-harvest, harvest and post-harvest. Poor agricultural and harvesting
practices, improper drying, handling, packaging, storage and transport conditions promote fungal
growth, increasing the risk of mycotoxin production. Fungi that are frequently found in the field
include Aspergillus flavus, Alternaria longipes, A. alternata, Claviceps purpurea, Fusarium verticillioides,
F. graminearum and a number of other Fusarium spp. Species most likely introduced at harvest,
include Fusarium sporotrichioides, Stachybotrys atra, Cladosporium spp., Myrothecium wverrucaria,
Trichothecium roseum, as well as A. alternata. Most penicillia are storage fungi such as Penicillium
citrinum, P. cyclopium, P. citreoviride, P. islandicum, P. rubrum, P. wiridicatum, P. verrucosum, P.
expansum, which are capable of producing mycotoxins in grains and foods. Other toxigenic storage
fungi are: A. parasiticus, A. flavus, A. versicolor, A. ochraceus, A. steynii, A. westerdjikiae, A. clavatus,
A. fumigatus, A. rubrum, A. chevallieri, F. moniliforme, F. tricinctum, F. nivale and several other
Fusarium spp. Thus, most of the mycotoxin-producing fungi belong to three genera, namely
Aspergillus, Fusarium and Penicillium (Hesseltine, 1976). However, not all species in these genera
are toxigenic. Fungal colonization, growth and/or mycotoxin production are generally influenced
by a variety of factors. In particular, weather conditions, plant characteristics (e.g. composition,
pH, water activity, oxygen content..), competition with other fungi or microbes are key factors in
determining fungal colonization in the field and on the crops/fruits (Chu, 2006).

During storage and transportation, water activity, temperature, crop damage plus a variety of
chemical factors - such as aeration (O, CO; levels), pH, presence of inhibitors, chemical
treatment - are important. In general, mould growth in the grains or foods is necessary before
subsequent onset of toxin production and optimal conditions for toxin formation generally have
a narrow window than those for mould growth. For example, the optimal temperatures and a,
for the growth of A. flavus and A. parasiticus are around 35-37°C (range 6-54°C) and 0.95 (range
0.78-1.0), respectively; for aflatoxin production they are 28-33°C and 0.90-0.95 (0.83-0.97),

respectively (Lacey, 1989).



INTRODUCTION

1.3. Mycotoxins as a public health concern

Exposure to mycotoxins occur primarily through ingestion of contaminated foods from vegetal
and animal origin. An alternative way of exposure is the inhalation of contaminated dust or skin
contact. The diseases caused by mycotoxins in human or animals are called “mycotoxicosis”.
While most animal mycotoxicoses have been experimentally confirmed, human mycotoxicoses
are less well understood and not clearly defined (Bennett and Klich, 2003; Ruyck et al., 2015).
Depending on dose and time of exposure, they can exert both acute and chronic toxicities. Acute
toxicity generally has a rapid onset and an obvious toxic response, while chronic toxicity is
characterized by low-dose exposure over a long time period, resulting in cancers and other
generally irreversible effects (James, 1985). Some of the most frequently encountered mycotoxins,
ochratoxin A (OTA) and deoxynivalenol (DON) are reported to interfere with mammalian
cellular processes including DNA replication and protein synthesis (Benassi et al., 2009; Pfohl-
Leszkowicz et al., 2012). Other mycotoxins, particularly aflatoxin B; (AFB;) and its metabolic
precursor sterigmatocystin, have been identified as carcinogenic by the World Health
Organization’s (WHQO) International Agency for Research on Cancer (IARC) Monographs
Program. IARC Monographs evaluated the toxicity of the most commonly occurring mycotoxins
and proved the carcinogenic risk in human and animals of some of them (Table 2).

Furthermore, considering that one fungal species may produce different mycotoxins and the
same mycotoxin may also be produced by several fungal species, there is a very high likelihood of
multiple mycotoxins co-occurring in food and feed products (Mngadi et al., 2008). Consequently,
in the richly varied modern Western diet, individuals undergo dietary exposure to a very wide
variety of mycotoxins (Abia et al., 2013; Solfrizzo et al., 2014). Unfortunately, third-world nations
with relatively consistent diet are no safer, being reliant on cereal crops grown and processed

under laxer regulation and prone to significantly higher levels of contaminations (Kitya et al.,

2010).



INTRODUCTION

Table 2. Evaluation of carcinogenicity of some mycotoxins

Degree of Evaluation
Mycotoxin carcinogenicity of
Human  Animal carcinogenicity

AFs occurring as mixture of S S Group 1
AFB;, S S Group 1
AFB; L
AFG; S
AFG; I
AFM, [ S Group 2B
OTA [ S Group 2B
Toxins from F. graminearum, F. culmorum [ Group 3
Zearelenone L
Deoxynivalenol I
Nivalenol I
Toxins derived from F. moniliforme I S Group 2B
Fumonisins occurring as mixture of I
Fumonisins B S Group 2B
Fumonisins B, I
Fusarin C L
Toxins derived from F. sporotrichioides [ Group 3
T-2 toxin L

Degrees of evidence: S= sufficient; L= limited; I= inadeguate; N=negative.

Group 1: carcinogenic to humans, Group 2A: probably carcinogenic to humans, Group 2B: possibly
carcinogenic to humans, Group 3: not classifiable as to its carcinogenicity to humans.

*No data available

International Agency for Research on Cancer (IARC), 1993 and 1999
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1.4. Management of mycotoxigenic risk and food safety

In addition to the public health risks, mycotoxin contamination causes major economic losses
at all levels of the food production chain. According to the Food and Agriculture Organization
of the United Nations (FAO,1999), approximately 25% of the agricultural crops produced in the
world are contaminated by mycotoxins above the EU and Codex limits. Recently, Eskola et al.,
2019 pointed that this value may underestimate the real occurrence of mycotoxins worldwide
above the limit of detection (up to 60-80%) due to obsolete analytical methods used at that time

and the emerging issue of climate change.

To minimize the public health risk and reduce the economic losses, it would be ideally to
eliminate them from the food chain. However, on a practical level this is not possible and the
general recommendation is to reduce the mycotoxin levels in food and feed as low as
technologically possible (Bennett and Klich, 2003).

The Codex Alimentarius (CAC, 2003) has set recommendations for prevention and reduction
of mycotoxins contamination in several crops (cereals, nuts, fresh fruit) and raw materials. These
recommendations consist in good agricultural practices (GAP) to be applied at the pre-harvest
stage and include soil preparation, crop rotation, selection of resistant varieties, avoid plant stress
(irrigation) and pest control (chemical pesticides and biological agents). Good manufacturing
practices (GMP), during handling and good storage (GSP) and processing practices are required
for the management of the mycotoxigenic risk at post-harvest stage. Control of storage/transport
conditions (T, a, gaseous atmosphere..) to avoid fungal development and mycotoxin production
is critical. Safe conditions could be determined through the development of predictive models
specific of fungi-mycotoxins in foodstuffs. They can be used in the implementation of Hazard
Analysis and Critical Control Point (HACCP) plans (Marin et al., 2008).

However, contamination of foods with mycotoxins cannot be completely avoided.

Therefore, pre-harvest and post-harvest preventive strategies have to be supplemented with
decontamination/detoxification approaches.

Processes to reduce the presence of mycotoxins should be able to:

»  destroy, inactivate or remove mycotoxins;
" not produce or leave toxic, carcinogenic or mutagenic residues in the final
products;

* ot adversely affect the desirable physical and sensory properties of the product;



INTRODUCTION

»  destroy fungal spores and the mycelium in order to avoid mycotoxin formation
under favourable conditions;

These decontamination methods can be classified as physical (e.g. cleaning, mechanical
sorting, filtration, heat treatment, ultrasonic treatment and irradiation), physicochemical (e.g.
adsorbing agents), chemical (e.g. acids, bases, oxidizing agents, chlorinating or reducing agents,
salts, formaldehyde) and biological (e.g. microbes and their enzymes).

Nevertheless, chemical decontamination and mycotoxin dilution by mixing batches of product
are specifically banned by European Commission (EC, 2006). Besides, detoxification is less
effective and sometimes restricted because of concerns of safety, possible losses in nutritional
quality of the treated commodities and cost implications (Yang et al., 2014).

In addition, in order to protect consumers’ health, many countries have also implemented
legislation that imposes limits on the presence of major mycotoxins in commodities. The number
of countries with specific regulation is increasing over the years. However, the limits can change
according to countries as a result of their stage of development, different perceptions about the

levels considered safe for health, or economic interests related to local cultures (van Egmond and

Jonker, 2008).

The European Union (EU) has one of the highest food safety standards in the world, largely
thanks to the solid set of EU legislation in place, which ensures that food is safe for consumers.
The European Directive n® 1881/2006 is the landmark regulation in the field of food safety
establishing the admissible limits for approximately 40 toxins/food commodities combination.
With respect to feed, the only mycotoxin regulated to date is aflatoxin B1, and its maximum value
can be found in the Directive 2002/32/EC (EC, 2006b). The Commission Recommendation
2006/576/EC (EC, 2006c), established the limits for the other mycotoxins (DON, ZEA, OTA,
T-2, HT-2, FBs) in feed.

A key tool to ensure the flow of information to enabling swift reaction when risks to public
health are detected in the food chain is RASFF - the Rapid Alert System for Food and Feeds.
Created in 1979, RASFF enables information to be shared efficiently between its members and
provides a round-the-clock service to ensure that urgent notifications are sent, received and
responded to collectively and efficiently.

RASFF notifications can be distinguished in:

= Alerts: foods/feeds present a serious health risk on the market and rapid actions

are required,;
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»  Border rejections: food/feeds are rejected at the external borders of the EU when
a health risk has been found;

» Information notification: foods/feeds not highly risky which are i) on the market
only in the notifying country ii) no more on the market iii) expired (Information
notification for attention); foods/feeds products not highly risky that are on the market
or may be introduced in another EU country (Information notification for follow-up).

Data retrieved from the RASFF web portal showed that a total of 3949 notifications related
to both food/feed safety concerns were registered in the last year (2018-2019). Mycotoxins
represented the second hazard category in number of total notifications received (566, 14.33%)
after pathogenic microorganisms (903, 22.86%). Figure 1 shows the prevalence of notifications
associated to the presence of mycotoxins both in food and feed products. Aflatoxins were the
primary mycotoxins whose presence was notified mostly in nuts, nut products and seeds followed

by ochratoxin A, mainly found in fruits and vegetables.

Prevalence of mycotoxins notifications

] 84.10% Aflatoxins
B 15.19% Ochratoxin A
Bl 0.18% Zearalenone
[ ] 0.53% Deoxynivalenol

Total=566

Figure 1. Prevalence of mycotoxin notifications during 2018-2019 (RASFF, 2019).
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2. OCHRATOXIN A

2.1. Physicochemical properties

Ochratoxin A (OTA) is, among the small group of ochratoxins, the most important compound
in terms of toxicity and economic losses determined by its presence in foodstuffs (Malir et al.,
2016). Its chemical structure consists of a dihydroisocumarin moiety coupled to L-f-
phenylalanine. Other metabolites related to OTA are the dechloro analogue ochratoxin B (OTB),
its ethyl ester ochratoxin C (OTC), and the hydroxylated forms (Figure 2). OTa and OTp are
products of the hydrolysis of the peptide bond of OTA and OTB, respectively, and lack the

phenylalanine moiety.

COOH o} OH o}

Ochratoxin A

COOH 0O OH 0O

Ochratoxin B

Ochratoxin C

Figure 2. Structure of main ochratoxins
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The systematic chemical IUPAC name for OTA is (2S)-24{[(3R)-5-chloro-8-hydroxy-3-methyl-1-
ox0-3,4-dihydroisochromene-7-carbonyl] amino}-3-phenylpropanoic acid. OTA is a crystalline
compound varying from colourless to white, intensely fluorescent in ultraviolet light, emitting
green and blue fluorescence in acid and alkaline solutions, respectively (IARC, 1993; Budavari,
1989). It is moderately soluble in organic solvents (e.g. chloroform, ethanol, methanol, xylene)
slightly soluble in water and insoluble in petroleum ethers and saturated hydrocarbons (WHO,
1990). OTA is unstable to air and light, though ethanol solutions are stable for longer than one
year if refrigerated and in the dark. OTA is partially degraded under cooking conditions (Miiller,
1982). Solutions of OTA are completely degraded by treatment with an excess of sodium

hypochlorite solution (Castegnaro et al., 1991).

2.2. Ochratoxigenic fungi and OTA occurrence in foodstufts

OTA was first isolated as a secondary metabolite from Aspergillus ochraceus in 1965 (Van der
Merwe et al., 1965). Since then, several OTA producing species of Aspergillus and Penicillium
genera have been discovered to differently contaminate a variety of food commodities depending
on climatic conditions. Indeed, Aspergillus species predominate in warm and temperate regions
while Penicillium isolates are frequent in colder areas (Malir et al., 2016).

The genus Aspergillus includes the major number of OTA producing species (currently 27); in
Penicillium three species are confirmed as OTA producers, namely: P. nordicum, P. verrucosum and
the recently described P. thymicola (Visagie et al., 2014; Varga et al., 2011; Nguyen et al., 2016).

OTA-producing Aspergillus species belong to the sections Circumdati (also called Aspergillus
ochraceus group) and Nigri, with only two minor producing species in Sec. Flawi.

In Sec. Circumdati, eleven species produce large amounts of OTA with the most important
being A. ochraceus, A. westerdijkiae and A. steynii, mainly responsible for OTA contamination of
coffee, rice, cocoa, beverages and other foodstuffs (Visagie et al., 2014).

OTA producing fungi belonging to the section Nigri, also named “black Aspergilli”, have a
significant impact on modern society as they cause food spoilage, but they are also used in
biotechnology for the production of (extracellular) enzymes, organic acids, vitamins and
antibiotics applied in food fermentations (Perrone & Gallo, 2017). Taxonomy and classification
in the Nigri section is challenging and has changed over the last decades, but a polyphasic
approach suggested by Samson et al., 2014 based on the combination of morphology, electrolytes

and phylogenetic analyses has currently resulted in 28 species with the recently discovered A.

11
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labruscus within the A. homomorphus clade and A. serratalhadensis in the A. aculeatus clade (Fungaro
etal., 2017; Crous et al., 2018).

A. carbonarius is the main responsible for OTA contamination of wine, grape derived products
and raisins; followed by A. niger and its cryptic sister species A. welwitschiae (Perrone et al., 2007).
Among the two OTA producing species of the Flavi group, only A. alliaceus has been rarely
isolated in figs and tree nuts in California (Bayman et al., 2002).

Within the Penicillium genus, P. verrucosum and P. nordicum are the two most OTA producing
species, with the former predominantly contaminating grains while the latter has been mainly
found in cheese and fermented meats (Visagie et al., 2014; Varga et al., 2011). Recently, P.
thymicola has been identified as a new specie evolutionary related to P. nordicum and P. verrucosum,
isolated from thyme, soil and sorghum grain, while the specific strain studied for OTA
production has been isolated from cheddar cheese (Nguyen et al., 2016). In 2017, the production
of OTA was claimed from new species of Penicillium (P. commune and P. rubens), Aspergillus (A.
aculeatus) and Talaromyces (T. rugulosus) (Zhang et al., 2016) however these data were commented

and needed further confirmation that has not yet been published (Perrone et al., 2017; Zhang et

al., 2017).

Based on the EU Rapid Alert System for Food and Feed (RASFF) web portal, in the last year
(October 2018 - October 2019), the presence of OTA in foodstuff has received 86 notifications
of which 61.62% border rejections, 26.74% alerts and 10.46% information (6.97% information
for attention and 3.48% information for follow-up).

Table 3 shows the relation between the occurrence of OTA in food products and the type of
notifications received. Based on these data, fruits and vegetables were the food product category

with the highest number of notifications (44: border rejections, 10: alerts, 4: information).

12
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Table 3. OTA notifications by food products

Information Information

Alert Bf)rdfar for for follow-
Rejection )
attention up
Fruits and vegetables 10 44 3 1
Cereals and bakery products 4 1 2
Herbs and spices 5 1 2
Nuts, nuts products, seeds 2 7
Other* 3 1
24 53 6 3

*Other=dietetic foods, food supplements, fortified foods and other food products/mixed

Based on RASFF, 2018-2019

2.3. OTA roxicity

Nephropathy is the major toxic effect of OTA. Several epidemiological studies on animals
showed that OTA plays a key role in the aetiology of porcine and poultry nephropathy. In
addition, this mycotoxin was also associated with human nephropathy and it is suspected to be
the cause of the human fatal disease known as Balkan Endemic Nephropathy (BEN), a chronic
disease affecting the south-eastern population of Europe (Pfohl-Leszkowicz et al., 1998; Fuchs et
al.,, 2005). It is also considered to be the major cause of the Tunisian Nephropathy (TCIN)
(Maaroufi et al., 1995; Grosso et al., 2003).

Based on a number of carcinogenicity studies, some of which were life-long studies, supported
by the International Agency for Research on Cancer (IARC, 1993) and the National Institute of
Health (NIH) within the framework of the National Tumor Programs (Boorman, 1989),
ochratoxin A has been classified as a group 2B carcinogen. This means that the substance is
carcinogenic to animals and possible carcinogen to humans. At present, new information
regarding genotoxicity of OTA (formation of OTA-DNA adducts), its role in oxidative stress, the
identification of epigenetic factors involved in OTA carcinogenesis, the synergistic action of
diverse mycotoxins (e.g. OTA and citrinin, reported by Kanisawa,1984; Sandor et al.,1991), the
immunosuppressor effect (Creppy et al., 1991) could lead to a reclassification of OTA in the
direction of group 2A (probably carcinogenic to humans) (IARC,2006) or even to group 1

(carcinogenic to humans).

13
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2.4. Biosynthetic pathway and regulatory mechanisms

Unlike to other important mycotoxins, the biosynthetic pathway of OTA has not been
completely elucidated yet. However, it is known that the pathway involves some crucial steps,
such as the biosynthesis of the isocoumarin group through the catalysing action of a polyketide
synthase (PKS), its ligation with the amino acid phenylalanine in a reaction catalysed by a peptide
synthase and the chlorination step. In this regard, several schemes have been proposed. Initially,
Huff and Hamilton (1979) suggested that the mellein, catalysed by a polyketide synthase, was
oxidized to OTP and then transformed to the chlorinated analogue OTa by a chloroperoxidase.
Subsequently, OTa. is converted to OTC by a peptide synthase that links the phenylalanine ethyl
ester to OTo. Finally, a de-esterification reaction transforms OTC in OTA. In this scheme, the
putatively ubiquitous intermediate OTB its not considered.

Harris and Mantle (2001), proposed a different pathway which involves the passage from OTf
to OTa and then to OTA, with a chlorinating step prior to the ligation of the polyketide (OTa)
to phenylalanine. Moreover, they proposed an alternative pathway in which the formation of
OTA goes through the synthesis from OTp to OTB, but in this case, a biosynthetic role for OTa.
could not be explained. Availability of genome sequence of A. carbonarius allowed the
identification of key OTA biosynthetic genes. Gallo et al., 2012, proposed that ochratoxin 3 and
L-phenylalanine were converted to OTB by a non-ribosomal peptide synthetase (NRPS) and that
the OTB was transformed to OTA through chlorination in Aspergillus carbonarius. This study
provided the first evidence that in A. carbonarius, the addition of phenylalanine to polyketide
dihydroisocoumarin precedes the chlorination step to form OTA and that ochratoxin a is a
product of hydrolysis of OTA. Subsequently, a gene encoding for a polyketide synthase (PKS)
within the putative OTA cluster of A. carbonarius has been identified (Gallo et al., 2014).
Sequencing of the genomic region of A. carbonarius carrying the pks and nrps genes involved in
OTA biosynthesis allowed the identification of a gene encoding a putative flavin-dependent
halogenase, which is involved in the final stage of the biosynthetic pathway with a chlorination
step which convert OTB to OTA (Ferrara et al, 2016). These studies importantly contributed to
elucidate the order of the enzymatic steps of OTA biosynthesis in A. carbonarius (Figure 3).

Other studies reported the identification of OTA biosynthetic genes in other ochratoxigenic
species. Wang et al., 2015 characterized two polyketide synthases (PKSs) involved in OTA
biosynthesis in A. ochraceus. Farber and Geisen (2004) demonstrated the potential role of a

putative halogenase through the analysis of differentially expressed OTA biosynthesis genes in
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Penicillium nordicum. Recently, Wang et al. (2018) demonstrated the involvement of P450
monooxygenase and bZIP transcription factor identified in the OTA cluster by gene inactivation

giving evidence of the presence of five genes in all the sequenced genomes of OTA producing
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Figure 3. Schematic representation of the order of OTA biosynthetic pathway and the enzymes
involved in A. carbonarius (Ferrara et al., 2016).

Several studies reported the existence of one or more regulatory specific genes playing a key
role in controlling the expression of aflatoxins (Payne et al., 1993; Fernandes et al., 1998),
fumonisins (Brown et al., 2007), zearalenone (Park et al., 2015) and tricothecenes (Merhej et al.,
2011; Peplow et al., 2003; Tag et al., 2001; Proctor et al., 1995; Tannous et al., 2014) biosynthetic
pathways. Very few evidences are reported about OTA biosynthetic pathway-specific regulators
(Bacha et al., 2012; Wang et al., 2018, Gallo & Perrone, 2017).

In addition to specific regulatory mechanisms, biosynthesis of secondary metabolites is also
responsive to environmental factors that could be under the control of general regulatory genes

located outside the cluster. In A. carbonarius, OTA production is influenced by carbon and
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nitrogen sources (Abbas et al., 2009; Ferreira and Pitout, 1969; Medina et al., 2008) and pH
signaling by PacC (Tilburn et al., 1995). Recently, the heterotrimeric velvet complex
VelB/VeA/LaeA that couples in A. nidulans secondary metabolism with fungal development,
including asexual and sexual growth in response to light, was identified (Bayram et al., 2008)
(Figure 4). VeA is a global regulator that, under dark conditions, is transported from cytoplasm
to nucleus where it reacts with LaeA, regulating production of secondary metabolites and with
VelB, inducing sexual development (Palmer et al. 2013). In A. carbonarius, Crespo-Sempere et al.
(2013) found that the inactivation of VeA and LaeA caused a reduction of both OTA and
conidial production showing their important contribute to the regulation of important biological
processes in this fungus. Furthermore, in wild-type strain of A. carbonarius, they revealed that

OTA production was promoted by darkness while conidiation was enhanced by light conditions.
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Figure 4. Representation of velvet complex proteins (Bayram et al., 2010).

2.5. Control strategies and regulations

As already described in the general discussion on the mycotoxigenic risk, OTA controlling
strategies are primarily based on preventive measures (e.g. GAP, fungal resistant crop varieties,
correct application of fungicides, proper storage of commodities) that could, ideally, be part of a
Hazard Analysis Critical Control Point (HACCP) scheme. However, fully implemented HACCP
schemes are rare and when the individual measures fail or are not in place, OTA remains in food
and feed products. Decontamination/detoxification procedures can be used to remove or to
reduce OTA levels. These measures, which are technologically diverse, are usually classified into
physical (e.g. segregation, sorting, cleaning, peeling and shelling processes, adsorbents), chemical
(e.g. ammoniation, nixtamalization, ozonation) and biological (e.g. microorganisms, enzymes)

(Amezqueta et al., 2009). Chemical methods are reported generally as effective in the elimination
16
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of OTA and other mycotoxins (Riley et al., 1999) although the toxicological safety of the final
products is not always guaranteed since some chemical residues may remain in products and the
toxicity of the reaction products formed is not usually studied. Biological methods are the
technologies of choice for decontamination purposes because they present several advantages
from being mediated by enzymatic reactions. For example, they are very specific, efficient,
environmentally friendly and they preserve the nutritive quality of food products. To assess the
non-pathogenicity of the microorganism and the non-toxicity of the reaction products formed is
essential (Karlovsky, 1999). Numerous microorganisms and/or their enzymes are capable of
degrading, adsorbing and detoxifying OTA (Chen et al., 2018). One of the most common strategy
to biodegrade OTA consists in the application of proteolytic enzymes. This process assumes two
possible mechanisms. First, OTA can be biodegraded through the hydrolysis of the amide bond
that links the L-B-phenylalanine molecule to the OTa moiety (Figure 5a). Since OTa and L-B-
phenylalanine are not toxic, this mechanism can be considered as a possible detoxification
pathway. Second, a more hypothetical process involves OTA being degraded via the hydrolysis of
the lactone ring (Figure 5b). In this case, the final degradation product is an opened lactone form
of OTA, which is of similar toxicity to OTA when administered to rats (Xiao et al., 1996; Li et
al., 1997).

O OH OH O H,0 0O OH ©O
X - o
N HO o _I_
Cl Cl
(a)

ochratoxin A ochratoxin o L-f-phenylalanine
O~__OH o OH O H,O O~ OH H O
Q\j:N o ¥L, E l j: N OH
| \ GHy
H “ICH, H " OH
ochratoxin A lactone opened OTA (OP-OTA)

Figure 5. Ochratoxin A biodegradation pathways. a) Amide bond hydrolysis of OTA; b) Lactone
ring hydrolysis of OTA (Abrunhosa et al., 2010).

The toxicity of OTA became more evident by the end of the 1970s although a real debate on
whether OTA in food and feed shall be regulated on a national and international level does not

seem to predate the 1990s. Worldwide surveys reported that the number of countries adopting
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regulations for OTA levels increased from 11 in 1991 (Van Egmond et al., 1991) to 37 in 2003
(FAO,2003). No such large-scale survey has been reported ever since (Duarte et al.,2010). At the
European level, limits on OTA in food were first established by the Commission Regulation (EC)
n® 472/2002 amending Regulation (EC) n°466/2001 which was then replaced by the
Commission Regulation (EC) n°® 1881/2006, which is still in force today. The Regulation
n°1881/2006 sets maximum limits on OTA in a variety of foods (Table 4). These limits are legally
binding on all the EU Member States, which are obliged to completely apply these rules.
Moreover, the Commission Recommendation 2006/576/EC (EC, 2006¢) sets non-binding
limits for the presence of OTA, deoxynivalenol, zearalenone, T-2 and HT-2, fumonisins in

products intended for animal feeding.

Table 4. Maximum limits of OTA in foodstuffs in the EU

Maximum

Foodstuff level
(ng-ke™")

Dietary foods for special medical purposes intended specifically for 05
infants ’
Green coffee, dried fruit other than dried vine fruit, beer, cocoa and 05
cocoa products, liqueur wines, meat products, spices and liquorice ’
Wine 2
Processed cereal-based foods and baby foods for infants and young 5
children
All products derived from unprocessed cereals, including processed 3
cereal products and cereals intended for direct human consumption
Unprocessed cereals 5
Roasted coffee beans and ground roasted coffee, excluding soluble 5
coffee
Wheat gluten not solid directly to the consumer 8
Dried vine fruits (currants, raisins and sultanas) 10
Soluble coffee (instant coffee) 10
Various species of spices 15

Commission Regulation (EC) n° 1881,/2006
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3. OTA RISK IN THE GRAPE-WINE FOOD CHAIN

3.1. Black Aspergilli and OTA occurrence in vineyards

Since the discovery of Ochratoxin A in wines in 1996, its presence in imported and locally
produced wines has been reported from a number of European and other countries (see Table
5). Recently and for the first time, high levels of OTA (>2 ug-L") have been also detected in USA
wines (De Jesus et al., 2018).

Table 5. Summary of highly OTA contaminated wines (>2 pg-L").

#wines (%)

Region 52 gL' References
North America
USA 2/41 (4.9%) De Jesus et al.,2018
Europe
6/55 (10.9%) Visconti et al., 1999
Ttaly 9/112 (8.0%) Perrone et al., 2007
22/183 (2.8%) Brera et al., 2008
29/1206(2.4%)  Spadaro et al., 2010
Greece 1/105 (<1%) Labrinea et al., 2011
3/35 (8.6%) Soufleros et al., 2003
Spain 18/188 (9.6%)  Burdaspal et al., 2007
Turkey 1/47 (2.1%) Anli et al., 2005
Portugal 1/60 (1.7%) Pena et al., 2010
South America
Argentina 3/47 (6.4%) Ponsone et al., 2010
Africa
Morocco 1/30 (3.3%) Filali et al., 2001

Based on De Jesus et al., 2018

It is widely known that OTA contamination in wine is closely related to fungal colonization
in the vineyards.

Aspergillus section Nigri, also called black Aspergilli, are the primary aetiological agent of the
black rot of grapes. The disease appears on the berries as a black rot due to fungal sporulation
which consumes the berries making them completely shrunken and dry (Figure 6). Colonies of
these fungi are present from fruit setting and increase in amount from early veraison to harvest.
However, the incidence of colonised berries is highly related to climatic conditions during the
ripening stage and to the geographical area (Cozzi et al., 2007; Visconti et al., 2008). The principal
pathway of infection for black Aspergilli is damage to berry skins, caused by many factors

including fungal diseases (downy mildew, powdery mildew), pests (grape berry moth Lobesia
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Botrana, bunch mites) and environmental factors (wind, hail, rain or sunburn injury, berry
splitting). This disease has received more attention since it has been associated with
contamination of grapes and grape derived products by OTA. A. carbonarius, is the major
ochratoxigenic fungal species, indeed almost 100% of the strains of this specie have been shown
to produce OTA (Somma et al., 2012). Other Black Aspergilli occurring on grapes are A.
japonicus, A. uvarum, A. aculeatus belonging to the A. aculeatus clade (uniseriate group). However,
none of them has been reported as OTA producer. In addition, within the A. niger “aggregate”
clade (biseriate), A. niger, A. welwitschiae, A. tubingensis, have been frequently found on grapes with
a low percentage of OTA-producing strains. To a lesser extent, A. brasiliensis, A. luchuensis (A.
foetidus=A. acidus) have been also reported to be grape colonizers although they are never reported
as OTA producing species.
P

Figure 6. Black aspergilli on grapes: A) black rot of berries caused by black aspergilli; B) direct
plating of berries on DRBC agar plates; C) different black Aspergilli colonies from berries’
homogenate diluted and plated on DRBC (Somma et al., 2012).
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3.2. Management of ochratoxin A risk in grapes

Since OTA represents the major mycotoxin risk in the grape production chain, several systems

could be applied to reduce its presence at different levels in the grape-wine production chain.

e In the vineyard

In the vineyards the best way to reduce OTA production is to control the presence of
ochratoxigenic fungi. The appliance of good agricultural practices (GAP), such as keeping
constant the moisture content of the soil and limit/avoid tillage, in particular from veraison to
harvest (Leong et al., 2006b) is always recommended. It is also useful to avoid excess vigour and
vegetative growth and to promote the aeration of bunches. Black aspergilli colonization can be
controlled by applying 1-2 chemical treatments. The mixture cyprodinil/fludioxonil is the most
effective combination of antifungal compounds (Tjamos et al., 2004; Belli et al., 2007) especially
when applied at 21 days before harvesting in high risk conditions. This treatment, in the same
dosage and timing, is effectively used against the grey mould caused by Botrytis cinerea. Moreover,
insecticide treatment against L. botrana in combination with the fungicide contributes
significantly to the reduction of OTA level in the field, especially in crop years of high
contamination risk (Cozzi et al., 2007). Promising results were also obtained using biological
control strategies, such as yeasts (Dimakopoulou et al., 2005; Bleve et al., 2006). However, in high
conducive years (high rains prior harvest and high temperature) and in high risk area (i.e. South

Apulia) it is difficult to counteract the risk of contamination by OTA in the field.

e Post-harvest

Regarding wine-making, preventive actions are to harvest early in high OTA risk areas when
favourable conditions occur, segregate rotted bunches at harvest and minimize/avoid storage time
before processing the grapes for wine making. In the case of table grapes, which could be subjected
to fungal infection during storage, it could be useful to reduce the storage time and to discard
visibly rotted bunches. In addition, it has been reported that the incidence of black aspergilli in
post-harvest could be reduced with sulphur dioxide in cold storage (0°C). For dried vine fruit

production, a rapid drying at greater than 30°C is recommended (Hocking et al., 2007).

¢ During wine-making
Several fining agents have been tested for their ability to remove OTA from contaminated
must/wines (Castellari et al., 2001; Leong et al., 2006a), with oenological charcoal showing the

highest adsorption capacity for ochratoxin A (Visconti et al., 2008). Charcoal for oenological use
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has only recently been accepted as a corrective action, by using the lowest possible and most
effective doses (CAC, 2007). However, the efficacy of these fining agents, charcoal in particular,
is directly related to reductions in quality parameters of treated wines such the polyphenol
content. In addition, effective OTA absorption was reported by using some lactic acid bacteria
(Del Prete et al., 2007) during wine fermentation and several studies showed that OTA removal
was also possible by using yeast strains, both dead or alive (Scott, 2008; Ciconova et al., 2010;
Ponsone et al., 2011; Var et al., 2011). However, the efficacy of yeasts for OTA reduction at the
industrial level has not been shown and it has been reported that they could be involved in the
loss of colour of wines (Visconti et al., 2008). In addition, an innovative and environmentally
friendly corrective measure to reduce ochratoxin A through repassage of contaminated musts or
wines over grape pomaces in red wines has been proposed. The experiment was also tested at an
industrial scale and resulted in a useful technique especially for wineries located in high risk

regions for OTA contamination (Solfrizzo et al., 2009); these results lead to the registering of a

Patent (Solfrizzo et al, 2019).
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4. CLIMATE CHANGE: A CHALLENGE FOR THE
MYCOTOXIGENIC RISK IN FOOD

The last report of the Intergovermental Panel on Climate Change (IPCC, 2014) revealed that
warming of the climate system is unequivocal. Since the 1950s many of the observed changes are
unprecedented over the last decades. The atmosphere and ocean have warmed, the amounts of
snow and ice have diminished, the sea level has risen. Anthropogenic greenhouse gas (GHQG)
emissions have increased since the pre-industrial era driven largely by economic and population
growth and are now higher than ever. This led to atmospheric concentrations of carbon dioxide
(CO,), methane (CH4) and nitrous oxide (N,O) that are unprecedented in at least the last 800.000
years.

Based on present available data, atmospheric concentrations of CO; are expected to double
or triple (from 350-400 to 800-1200 ppm) in the next 25-50 years. Thus, different regions in
Europe especially those facing the Mediterranean basin, will be impacted by the increase of
temperature of 2-5°C coupled with elevated CO, (800-1200 ppm) and drought episodes (Bebber
et al., 2013, 2014). Similar impacts have been predicted in other areas of the world, especially
parts of Asia, Central and South America which are important producers of wheat, maize and
soya beans for food and feed uses on global basis IPCC, 2014).

Agriculture is highly dependent on climate variability and such changes are expected to have
a profound effect on the productivity and quality of crop and livestock production systems,
raising uncertainties about both food security and food safety.

Food security is determined by sufficient food availability, access to this food and quality and
utilisation of the food in terms of both nutritional and cultural perspectives (FAO, 1996). Food
safety is the absence, or safe, acceptable levels, of hazards in food that may harm the health of
consumers. With the predicted increase of population on global scale and in the context of such
climate change scenario, to produce and delivery enough and safe staple foods represent a big
challenge (Battilani et al., 2012, 2016).

With respect to food safety, one of the most important hazards likely affected by climate
change will be the contamination by mycotoxins. Almost all mycotoxins present in food and feeds
are produced in field. Thus, their presence is strongly influenced by climatic factors.

The environmental changes occurring now are slowly shaping the relationship between plant
growth and the associated fungal diseases. Indeed, the traditional and classic balanced triangle

between pathogen/pest, host plant and environment (Garrett,2008; Grulke, 2011) is changing
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and becoming skewed because of the relative importance and pressure of the environmental

component which may shape both plant agronomy and ultimately yield of key staple foods

(Pautasso et al., 2012, Figure 7). This shift in these interactions could be in a state of flux

food supply chains in terms of food quality and quantity necessary to satisfy a rapidly expanding
world population.

depending on the push and pull of the interacting factors and have significant impacts on the
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(Medina et al., 2017).

Figure 7. Climate change factors as drivers in change of the classical crop/fungal
disease/environment triangle which may occur due to the pressure of climate change scenario

In the context of mycotoxigenic fungal pathogens this could result in a switch from the so-
called mycotoxin suppressive to conducive conditions. In addition, fungal plant pathogens are

predicted to move globally and change the diversity of diseases and pests invading staple crops

with both economic and social costs (Bebber & Gurr, 2015; Medina et al., 2015). Recent

predictions suggest that on global scale, pests and diseases are migrating to the poles at the rate

et al., 2015).

of 3-5 km/year and the diversity of pest populations will also change and have profound economic
impacts on staple food production systems (Bebber et al., 2013; Bebber et al., 2014; Crespo-Perez

These evidences had lay the foundations for the beginning of a new area of investigation

dealing with the understanding of the impact of climate change (CC) scenarios on the most
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occurring mycotoxins in the food chain. In this regard, predictive models by using historical or
current climatic conditions datasets have been performed in order to estimate, in a more realistic
way, the impact of CC factors in fungal colonization and mycotoxin contamination (Battilani et
al., 2012, 2016; Van Der Fels-Klerx et al., 2012, 2016). With a different research approach, the
effect of three-way interactions between environmental factors (temperature x water availability x
CO;) on the ecophysiology of mycotoxigenic fungi and mycotoxin accumulation, have been
recently investigated by several authors (Medina et al., 2015; Vaughan et al., 2014; Marin et al.,
2010; Akbar et al., 2016; Verheecke-Vaessen et al., 2019).

Considering the available information, several questions remain unanswered and research
efforts are needed to improve current knowledge. Key questions include whether under CC
scenarios will mycotoxin production patterns change? What is going to happen with masked
mycotoxins! Are the current control/mitigation strategies going to be effective in the future? Will
interactions between mycotoxigenic fungi and other microbiota in the phyllosphere and in the
rhizosphere ecological niches change resulting in different community structures and dominance
of different species? Will the agricultural practices, including Good Agricultural Practices (GAP)
and Hazard Analysis Critical Control Point (HACCP), change in order to minimize the
mycotoxin contamination when environmental shifts and climate change fluxes become the
norm? (Medina et al., 2017). More research is urgently required to address these key questions to
effectively predict the level of risk of different mycotoxins in economically important staple food

crops and to understand whether they are resilient enough to tolerate the expected CC conditions

(Medina et al., 2015).
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OBJECTIVES

In order to deal with the realization of the present PhD project, activities were divided as

follows.

e OTA RISK IN RELATION TO CLIMATE CHANGE

Apulia region, in South Italy, is a very susceptible area to OTA contamination in grape and
grape by-products, mainly (red) wines. OTA contamination is strongly influenced by
meteorological conditions during the year of cultivation. Indeed, it is reported that rainy seasons,
especially prior to harvest, favour black Aspergilli colonization causing the so called “Black rot of
grapes” which lead to OTA production. In the context of the general increasing interest about
the effect of climate change on the mycotoxigenic risk, we aimed to evaluate the impact of possible
climatic variations through the grape wine food chain in the Apulia region. Several reports
evidenced that OTA contamination follows an increasing gradient from Northern to Southern
countries in Europe and also in Italy. In the present study, we extrapolated this information and
defined two areas of interests - the North and the South areas of Apulia region, traditionally
known to be less and more susceptible to OTA contamination, respectively - to understand
whether variations in climatic conditions may exacerbate or not the ochratoxigenic risk. For each
area two different day/night temperatures with associated photoperiod, representative of the
month prior to harvest, were selected in order to simulate current and expected climate change
(Table 6).

Table 6. Temperature cycles used in this study

South Apulia North Apulia
Current 18/31°C 15/28°C
Climate Change 20/37°C 18/34°C
Photoperiod 10h/14h dark/light ~ 11.5h/12.5h dark/light

In the first part of the project, i) the combined effect of temperature cycles and water stress
was investigated on the ecophysiology, toxin gene expression and OTA phenotypic production
by A. carbonarius strains. Data about the South Apulia conditions were the object of a publication
(STUDY I) while results about the effect of North Apulia conditions gave us the hints for further
investigation. In fact, ii) temperature cycles representative of this area were chosen to study their
combined effect with CO; variations on the ecophysiology, toxin gene expression and OTA
production by A. carbonarius strains.

This activity was carried out at Cranfield University and was object of an article (STUDY II).
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e NEW STRATEGIES FOR REDUCING OTA CONTAMINATION

In high risk seasons, OTA levels in grape derived products may exceed the legislative limit
(2 pg-L") resulting in both increasing risk for humans and economic losses. Biodegradation,
through the use of microorganisms or enzymes, could be a valid solution for OTA
decontamination. The most acknowledged pathway of OTA degradation involves the hydrolysis
of the amide bond of the L--phenylalanine to the OTa moiety. The degradation product OTa
seems to not exert cytotoxic effects on cellular metabolism and therefore, this mechanism can be
considered a detoxification strategy. A previous work reported that a mutant strain of A.
carbonarius deleted for key genes of OTA pathway and thus unable to produce OTA retained the
ability to degrade the toxin. In relation to this evidence, three mutant strains of A. carbonarius
were tested for their ability to degrade the mycotoxin when exogenous OTA was added to the
medium. In parallel, the expression levels of previously identified proteases encoding genes was
analysed for their possible involvement in the degradation process.

Some of these proteases, among which an aspartyl protease, were further investigated to
characterize the enzymatic activity with the final aim to identify some proteolytic enzymes able to

reduce the OTA content in grape by-products, such as wine (STUDY III).
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CLIMATE CHANGE in vitro

Ecophysiology Toxin gene expression OTA production
Aspergillus carbonarius
Temperature x water activity

SOUTH APULIA NORTH APULIA
18/31°C + 0.99/0.93a,, 15/28°C +0.99/0.93a,,
20/37°C +0.99/0.93a, 18/34°C + 0.99/0.93a,,
10h/14h dark/light 11.5h/12.5h dark/light
From these results we

proceed in the next point
STUDY 1

ii)

WORK PLAN

NEW REDUCING STRATEGIES

Aspergillus carbonarius
mutant strains

Incubation in BM

OTA addition after 3d

Collection after

12 and 24h

Temperature x CO;

Mycelium
Gene expression of

proteases encoding

Liquid cultures
OTA and OTa analysis

15/28°C + 400/1000ppm
18/34°C + 400/1000ppm

11.5h/12.5h dark/light

Evaluation of Aspergillus carbonarius OTA

degrading activity

STUDY II

STUDY III
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STUDY 1

Effects of temperature and water activity change on ecophysiology of
Aspergillus carbonarius in field-simulating conditions

ABSTRACT

Ochratoxin A (OTA) is the primary mycotoxin threat in wine and dried vine fruits. Its
presence in grape and wine is strongly related to climatic conditions and the expected climate
change could represent a risk of increasing fungal colonization and OTA contamination in
grapes. In this regard, the interacting effect of i) different conditions of water availability (0.93
and 0.99a,) and ii) different 10h/14h dark/light alternating temperature conditions simulating
a nowadays (18/31°C) and climate change scenario (20/37°C) in high OTA risk areas of Apulia
region, were studied. Lag phases prior to growth, mycelial growth rate, the expression of
biosynthesis, transcription factors and regulatory genes of OTA cluster and OTA production were
analyzed in Aspergillus carbonarius ITEM 5010 under the combined effect of different climatic
factors. At 18/31 °C and under water stress conditions (0.93 a,,) the growth rate was slower than
at 0.99 a,; on the contrary, at 20/37°C a higher growth rate was observed at 0.93 a,. An over-
expression of OTA genes and genes belonging to the global regulator Velvet complex was
observed at 18/31°C and 0.99 a,, with the specific OTA pathway transcription factor bZIP
showing the highest expression level. The up-regulated transcription profile of the genes positively
correlated with OTA production higher at 18/31°C than at 20/37°C and 0.99 a,; while no OTA
production was detected at 0.93 a, at each of the temperature conditions tested. These findings
provide preliminary evidence that the possible increase of the temperature, likely to happen in
some areas of the Apulia region, may results in a reduction of both A. carbonarius spoilage and

OTA production in grapes.

In International Journal of Food Microbiology
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1. INTRODUCTION

Ochratoxin A (OTA) is one of the most abundant food contaminating mycotoxins produced
by species belonging to Aspergillus and Penicillium genera; it is a potent nephrotoxin, classified as
a possible human carcinogen (Group 2B) (IARC, 1993). To date, the European Union has
established maximum OTA levels for different food products and the limit for grapes and wine
was set at 2 pg/kg (EC, 2006 a). Studies performed over the last decade have provided evidence
that all fungi responsible for OTA production in grapes belong to Aspergillus section Nigri, the so
called “Black Aspergilli”. In particular, A. carbonarius has been identified as the major cause of
contamination in berries (Cabafes and Bragulat 2018; Perrone et al., 2008). This contamination
is strongly related to various factors such as climatic conditions, geographical regions, grape
varieties, damage by insects, growing season, with fluctuations in contamination rate occurring
from one year to another (Somma et al., 2012; Visconti et al., 2008). A number of
ecophysiological studies simulating field conditions revealed that A. carbonarius growth and OTA
production were determined by environmental factors such as temperature, water availability and
photoperiod (Belli et al., 2006; OQueslati et al., 2010). In this respect, climate has always been one
of the keyfactors in the agro-ecosystem that influences fungal colonization and mycotoxin
production in crops (Belli et al., 2005a; Magan et al., 2003). Climate change is thus expected to
have a profound effect both on our landscape worldwide and on sustainable food production
system. It is estimated that the environment in which crops will be grown in the next 10-25 years
may change markedly with atmospheric CO; concentration expected to double or triple,
accompanied by episodes of heavy rainfall or periods of extreme drought. Because of the increase
of greenhouse gases, the global temperature could rise between +2 and +5 °C (Botana et al., 2015;
Medina et al., 2015). With respect to food safety, one of the most important hazards likely
affected by climate change will be the contamination by mycotoxins of economically important
commodities (Miraglia et al., 2009).

Mycotoxigenic fungi have their own specific temperature and humidity range for crop
infection, mycotoxin production and survival, which reflects their geographical distribution and
determines a gradient of mycotoxin contamination worldwide. Some species might shift their
geographical distribution in response to global warming, leading to changes in the pattern of
mycotoxin occurrence (Battilani et al., 2016). Recent studies have reported diverse observations
on the effect of climate change on mycotoxins production. Under elevated CO; concentration,

Fusarium verticillioides, a well-lknown pathogen of maize, showed an increased virulence, although
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fumonisins production was relatively unchanged compared to control conditions (Vaughan et
al.,, 2014). The interaction of environmental factors (water activity x temperature x CO;) was
reported to have a little effect on growth of A. flavus on maize kernels, while a significant increase
in the production of the mycotoxin Aflatoxin B; was detected (Medina et al., 2014). Differential
effects of interacting climate change factors on growth and OTA production in most species of
Aspergillus on coffee were observed by Akbar et al. (2016). In particular, within section Circumdati,
A. westerdijkiae strains were the ones showing a significant stimulation of OTA production at 0.90
ay under elevated CO; concentrations. Moreover, a preliminary study on A. ochraceus and A.
carbonarius evidenced a reduction of growth and OTA production when temperature increased
(Garcia-Cela et al., 2012). There is limited research investigating the toxigenic risk in grapes and
wines towards a climate change scenario. In the present work, we evaluated the interacting effect
of 0.99 and 0.93 a,, reported to be representative of more and less conducive conditions,
respectively, for the colonization and OTA contamination by A. carbonarius (Belli et al., 2004,
2005a) and different alternating temperature conditions, 18/31°C and 20/37°C (10h/14h
dark/light), simulating a nowadays and climate change scenario, respectively, in high OTA risk
areas of Apulia region during the month preceding harvest. In fact, from early veraison to harvest,
the incidence of A. carbonarius black rot in grape berries increases with a peak at ripening, due to
the change in composition of berries that become mature and soft during this period (Leong et
al., 2006a).

In this work, we studied the behavior of A. carbonarius ITEM 5010 grown on grape medium
under different conditions related to a possible increase of temperatures and drought stress, by
analyzing lag phase prior to growth, mycelial growth rate, expression levels of OTA biosynthetic

genes and genes belonging to the regulatory Velvet complex in relation to OTA production.
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2. MATERIALS AND METHODS
2.1. Fungal strain and growth conditions

The A. carbonarius strain ITEM 5010 isolated from Italian wine grapes and held in the Agro-
Food Microbial Culture Collection - ITEM of the Institute of Sciences of Food Production,
CNR, Bari, Italy (www.ispa.cnr.it/Collection), was used for this study.

To test the influence of temperature, water activity (a,) and dark/light variation, a Grape Juice
Medium (GJM) was prepared by mixing 50% (v/v) commercial pasteurized grape juice
(composition per 100 mL: fat, 0.02 g; proteins, 0.3 g; carbohydrates, 16.10 g) and 1.2% agar in
distilled water (Ioannidis et al., 2015). The a,, of GJM, measured by an Aqualab 4TE a,, meter at
25°C, was adjusted to 0.99 and 0.93 by adding the required grams of glucose. The pH of the
medium was adjusted to 3.5 using 1 M KOH. Fungal inocula were prepared from cultures grown
on Potato Dextrose Agar (PDA) plates for seven days at 25°C.

Different alternating conditions simulating a nowadays and climate change scenario of high
OTA risk areas of Apulia region (18/31°C and 20/37°C, 10h/14h dark/light) were tested using
a dynamic climate chamber (WTC Binder, Labortechnik GmbH, Tuttingen Germany).

Grape Juice Medium plates overlaid with sterile cellophane membranes were uniformly spread
with 100 pl of a conidial suspension (10° conidia-mL ") of A. carbonarius strain ITEM 5010. Plates
cultures with the same a, were incubated into a transparent plastic box containing water or a
water/glucose solution to minimize moisture loss and maintain constant the a, value during
incubation at different conditions. Fungal mycelium was harvested at 4 days and 7 days post
inoculation (dpi) and stored at -20°C for OTA content analysis. Fungal mycelium was harvested

at 4 days dpi and stored at -80°C for RNA extraction.

2.2. Growth measurements

Fungal growth was assessed daily for seven days and expressed as the average measure (mm) of
two orthogonal diameters of centrally inoculated colonies (3 mm drop). The colony diameters
(mm) were plotted against time (days) and the linear regression model, already described by
(Medina et al., 2014), was used for calculating the growth rate expressed as the slope of the line.
The lag phase (hours) was calculated by equaling the linear regression formula to the diameter of
the inoculated drop. The square of the linear correlation coefficient was > 0.98. Experiments

were carried out with three replicates per treatment.
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2.3. RNA extraction, cDNA synthesis and gRT-PCR

Total RNA was extracted from frozen mycelium ground in liquid nitrogen using the RNeasy
Plant Mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocol. RNA
concentration was determined by using Nanodrop and its integrity was evaluated by doing a 1%
agarose gel. First strand cDNA was synthesized using about 1 pg of total RNA in a reaction mix
containing oligo (dT)is primer, random examers and SuperScript III Reverse Transcriptase
(Invitrogen, San Diego, CA) according to the manufacturer’s protocol.

The expression levels of OTA biosynthetic genes (AcOTApks, AcOTAnrps, AcOTAhal,
AcOTAp450, AcOTAbZip) and heterotrimeric velvet complex genes (VelB,VeA,LaeA) of A.
carbonarius were analyzed by using real-time quantitative reverse transcription-PCR (qQRT-PCR); f5-
tubulin was used as internal reference gene. Nucleotide sequences of primers used in the gPCR

assays are shown in Table 7.

Table 7. Primers for gRT-PCR used in this study.

Primer Concentration Sequence (5-3") Reference
RT_OTApks_Ac_FOR 200 nM CGTGTCCGATACTGTCTGTGA  Gallo et al.
RT_OTApks_Ac_REV 200 nM GCATGGAGTCCTCAAGAACC 2014

RT_nrps_Ac_FOR 200 nM ACGGGTCGCTGCTCTATATC Ferrara et
RT_nrps_Ac_REV 200 nM ACTCACCACATCAACCACGA al. 2016
RT_hal_Ac_FOR 200 nM GAACGCCAGTAGAGGGACAG Ferrara et
RT_hal_Ac_REV 200 nM ATGGAGGTGGTGTTGTTGTG al. 2016
RT_AcOTAp450_F 200 nM GTGGTTATCCCGCCCAATAC Ferrara et
RT_AcOTAp450_R 200 nM TGCCAGATTCATCCCGATAC al. 2016
RT_Ac_OTAbZIP_for 250 nM AATGGAACCAGCATTGATCTC Ferrara et
RT_Ac_OTAbZIP_rev 250 nM GACCCAAGCATTCGCTCTA al. 2016
RT_AClaeA-1F 150 nM AATGGGACCGCAATGAGTC This study
RT_AClaeA-2R 150 nM TCCTGCTCCTGTTCGTCAC
RT_Ac_veA_FOR 150 nM GGTGAATGAGACCGAGCA This study
RT_Ac_veA_REV 150 nM GCATTGTAGGCGAAGGTGA
RT_Ac_VelB_For 150 nM AGTGCGTTCCGACTGACTG This study
RT_Ac_VelB_Rev 150 nM TGGACTGATTACCGACATTTACA
RT3 BT Ac_F 200 nM CAAACCGGCCAGTGTGGTA Ferrara et
RT3 BT Ac_R 200 nM CGGAGGTGCCATTGTAAACA al. 2016

Real time PCR were performed using the Viia 7 Real Time PCR system programmed to hold
at 50°C for 2 min and at 95°C for 2 min and to complete 40 cycles of 95°C for 30 s, 58°C for 30
s, 72°C for 30 s. Specificity of the PCR amplifications was confirmed by dissociation curve
analysis. Real time PCR experiments were conducted in 96-well plates by using SYBR Select
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MasterMix and different concentrations of primers pairs for each gene in a final volume of 10 pl.
Data analysis was assessed by QuantStudio’ RT-PCR Software. The relative quantification of
gene expression was established using the comparative 274" method. PCR efficiency of each
oligonucleotide pair was calculated from each linear regression of standard curves. Relative gene
expression analysis was performed on three biological replicates for each of which three technical

replicates were assayed.

2.4. Determination of ochratoxin A

For the determination of OTA in fungal mycelium, HPLC-FLD analysis was performed on
three biological replicates

An aliquot of lyophilized mycelium (100 mg) was extracted with 2 mL of a mixture of
methanol:acetonitrile:water (30:30:40 v/v/v) by shaking for 2 h at room temperature. After
extraction, samples were centrifuged for 15 min at 3901 g and 600 pl of supernatant were diluted
with 400 pl of acetonitrile:water:acetic acid (35.0:62.5:2.5 v/v/v) and vortexed for 30 s. This
solution was filtered (0.22 pm) and 100 pl were injected into the HPLC-FLD apparatus. The
mobile phase was an isocratic mixture of acetonitrile:water (45:55 v/v) containing 1% acetic acid.
The limit of detection (LOD) of this method for OTA was 6.78 ng-g".

The HPLC apparatus was an Agilent 1260 Infinity system equipped with a G1312 binary
pump, a G1367E autosampler with a 100 pl loop, a G1316C column thermostat set at 30°C, and
a fluorescence detector (G1321B) (excitation wavelength, 333 nm; emission wavelength, 460 nm)
from Agilent Technologies (Waldbronn, Germany). The column used was a 150 x 4.6 mm i.d.,
5 pm, Zorbax C18, (Phenomenex, Torrance, CA, USA) with a 3 mm i.d. and a 0.45 pm pore size
guard filter (Rheodyne, Cotati, CA, USA). The flow rate of the mobile phase was 1 mL-min.
The standard solutions of OTA in acetonitrile were purchased from Romer Labs Diagnostic
GmbH (Tulln, Austria). Calibration solutions of OTA were prepared in HPLC mobile phase,

and calibration curves were prepared in the range of 0.1 to 100 ng-mL".

2.5, Data analysis

Statistical analysis was performed by using GraphPad Software (version 7.0, Prism, La Jolla
California, USA). After checking the normal distribution of lag phases, growth rates and OTA
production datasets with D’Agostino-Pearson test, the analysis of variance (ANOVA) was

performed in order to test the effect of each single variable and their interaction on the results
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obtained. Furthermore, significant differences among the means were established by using Tukey

HSD post hoc test.
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3. RESULTS

3.1. Lag phase, growth rate and sporulation

As shown in Figure 8A, at the two alternating temperatures 18/31°C, the drought stress (0.93
aw) caused a lag phase considerably longer (40 h) than at 0.99 a, (26 h), while at 20/37°C, the lag
phase exhibited no significant differences when a,, of the substrate was changed. As regards
growth rate, at 18/31°C, it was faster at 0.99 a,, (19 mm-day™”) than at 0.93 a, (10 mm-day *); on
the contrary, at 20/37 °C, the fungus showed a faster growth at 0.93 a,, (11 mm-day™”') than at
0.99 a, (6 mm-day ") (Fig. 8B). The different ecophysiological behavior of A. carbonarius, both in
terms of growth and sporulation, was macroscopically evident comparing mycelial growth on
plates at 7 days after inoculation, as illustrated in Figure 9. In particular, at 20/37°C a less
sporulated mycelium was observed at 0.93 a,, than at 0.99 a,, although the growth rate resulted
to be faster in water stress condition, as previously described. In order to confirm this new
evidence, the experiment was repeated two times also on different strains.

ANOVA analysis showed that both lag phase and growth rate were significantly influenced

(p<0.001) by temperature conditions, a,, and their interaction (data not shown).
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Figure 8. A) Lag phases (h) of A. carbonarius ITEM 5010 grown on GJM at 0.99 and 0.93 a,, and
incubated at 18/31°C (white bars with dots) and 20/37°C (grey bars), 10h/14h dark/light
photoperiod; B) Growth rate (mm-day™) of A. carbonarius ITEM 5010 grown on GJM at 0.99 and
0.93 a, and incubated at 18/31°C (white bars with dots) and 20/37°C (grey bars), 10h/14h
dark/light photoperiod. Letters indicate significant differences (Tukey HSD, p<0.05).
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18/31°C

20/37°C

Figure 9. Pictures of A. carbonarius ITEM 5010 colonies centrally inoculated taken at 7 dpi at
18/31°C and 20/37°C 10h/14h dark/light, 0.99 and 0.93 a,,

3.2. Gene expression and OTA production

The effect of the two alternating day/night temperature on the expression of both biosynthetic
and regulatory genes in A. carbonarius was analysed after 4 days of growth at 0.99 a,, which seems
to be the most reliable time to detect the activation of the genes involved in OTA biosynthesis,
preceding the later increase of OTA production. As shown in Figure 10, a general up-regulation
of structural OTA biosynthesis genes (AcOTApks, AcOTAnrps, AcOTAhal and AcOTAp450) was
observed at 18/31°C compared to 20/37°C. In particular, a minimum of about 2 fold change in
the expression level was detected for the genes located in the OTA cluster with a peak of about
12 fold change of the gene coding for the cytochrome p450 oxidase protein, expected to be
involved in the oxidase step for the formation of the precursor metabolite OTB in the
biosynthesis pathway (Ferrara et al., 2016). Moreover, at 18/31°C, the gene coding for a bZIP
transcription factor protein, likely acting as regulator of OTA gene expression, exhibited a 34-
fold higher transcription level (Fig. 10A). The genes laeA, veA, and velB, belonging to the global
transcriptional complex regulating fungal secondary metabolism known as Velvet complex,
showed a higher level of expression between 2 and 5-fold at 18/31°C temperature cycle as well
(Fig. 10B).

Gene expression analysis performed after 4 days of incubation, was supported by the results
of OTA production. At 0.99 a,, the highest OTA production was observed in A. carbonarius grown

at 18/31°C. In particular, at these temperatures OTA content was slightly higher at 4 days (554
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ng-g") than at 7 day (512 ng-g") after inoculation. At 20/37°C, OTA accumulation was lower at
4 days (185 ng-g") than at 7 days (226 ng-g") (Fig. 11). The longer production timing at 20/37 °C
is likely due to the slower growth rate observed at these higher temperature conditions. Under
strong water stress conditions, A. carbonarius appeared unable to produce OTA, in fact no OTA
was detected at 0.93 a,, under the limit of detection, in any of the temperature conditions tested.

ANOVA analysis evidenced that OTA production was significantly affected by the different

temperature conditions (Fig. 11).
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Figure 10. A) Relative expression of A. carbonarius OTA biosynthesis genes (AcOTApks,
AcOTAnrps, AcOTAhal, AcOTAp450, AcOTAbBZIP) at 18/31°C; B) Relative expression of the
regulatory Velvet complex genes (LaeA, VeA, VelB) of A. carbonarius at 18/31°C. For each gene
the expression is relative (fold change) to the expression at 20/37°C, considered as the control,
at day 4 after inoculation.
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Figure 11. Ochratoxin A (OTA) production (ng-g") by A. carbonarius ITEM 5010 at 18/31°C
(white bars with dots) and 20/37°C (grey bars), 10h/14h dark/light at 0.99 a,, after 4 and 7 days.

Asterisks indicate significant differences between temperature conditions (p<0.006).
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4. DISCUSSION

The studies of European Commission (2018) on adapting to climate change in Europe suggest
that, in Southern Europe, changes may equate to a temperature increase of 4-5°C coupled with
longer drought periods. The climate change scenario hypothesized in our study takes EU
suggestions into account and is derived from climatic data series related to the high OTA risk
areas of Apulia region as retrieved from "ilmeteo.it" website (https://www.ilmeteo.it/, 2017).

The combined effect of a, and temperatures on the ecophysiology of A. carbonarius grown on
substrates that simulate grape composition has been largely investigated (Astoreca et al., 2007;
Belli et al., 2005b; Chiotta et al., 2015), while only few studies have considered day/night
alternating temperatures associated with the photoperiod (Garcia-Cela et al., 2012; Queslati et
al.,, 2010). Performing in vitro studies which consider interacting climate change factors, may
provide ecophysiological data quite similar to a real field situation. In our study, when the
alternating cycle at 18°C for 10 h darkness and 31°C for 14 h light, corresponding to the
nowadays climate condition in Apulia, was applied, we observed a higher growth rate and a
shorter lag phase at high-water availability (0.99 a,,), compared to water stress (0.93 a,,). Our results
are consistent with previous studies, reporting that the optimum for the growth of A. carbonarius
varied from 25 to 30°C at 0.96-0.99 a,, and that water stress caused a general reduction of growth
rate and extension of lag time (Astoreca et al., 2010). Moreover, Oueslati et al. (2010) studied the
combined effect of three alternating temperatures (20/30, 20/37 and 25/42°C) and 11h/13h
light/darkness photoperiod of A. carbonarius strains isolated from Tunisian grapes and grown on
a Synthetic Nutrient Medium (SNM) at 0.99 a,. They found that mycelia growth rate was
significantly enhanced at 20/30°C than at 20/37°C and it was even slower at 25/42°C. This
evidence supports our results in which, under water availability condition (0.99 a,), A. carbonarius
grew faster at 18/31°C than at 20/37°C.

In fact, at 20/37°C, simulating a climate change scenario, we observed a reduction of A.
carbonarius growth rate at 0.99 a,, which was in turn lower than that observed at 0.93 a, at the
same temperature, even though the mycelium appeared less sporulated and no differences were
observed in terms of lag phase. These findings diverge from previous studies on A. carbonarius, in
which it was reported that higher a,, determined a faster growth rate compared to lower values,
regardless of temperature (Belli et al., 2005b). However, other works underline how significant is
the impact of the combination of a, and temperature on fungal growth and mycotoxin

production (Selouane et al., 2009).
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In our study we considered the sporulation behavior of A. carbonarius only from the
morphological point of view which revealed that a water stress condition (0.93 a,,) determined a
visible reduction of sporulation compared to high water availability (0.99 a,). In addition, a small
but more sporulated colony was observed at the increased day/night temperature (20/37°C). No
work has been carried out on the sporulation rate of A. carbonarius while few evidences exist on
other mycotoxigenic fungi. Such studies suggested that middle water stress conditions (0.95-0.97
ay) combined with constant high temperature (30-35°C) are generally suitable for spore
production (Abdel-Hadi & Magan, 2009; Gervais and Molin, 2003; Giorni et al., 2008; Parra et
al., 2004).

Ample evidence exists to suggest that environmental factors, like temperature and light and
humidity, affect mycotoxin production by activating biosynthesis genes through a complex
regulatory mechanism that occurs at several levels from cluster-specific regulators to global
transcriptional complex (Keller, 2019).

Recent studies have made it possible to identify the main structural genes in the OTA
biosynthesis cluster of A. carbonarius. The genes AcOTApks, AcOTAnrps, AcOTAhal, and
AcOTAp450 encoding for a polyketide synthase, a non ribosomal-peptide synthase, an halogenase
and a cytochrome p450 monooxygenase, respectively, contribute to determine the molecular
structure of OTA (Perrone and Gallo, 2017). In the cluster, the AcOTAbZIP gene, encoding for
a bZIP (basic leucine zipper) transcription factor, is also present as a pathway specific regulator of
OTA cluster as suggested by its transcription profile highly correlated to OTA production,
observed in a previous study (Ferrara et al., 2016). An homologous bZIP gene has identified in
the OTA cluster of A. ochraceus and its role as regulator of OTA biosynthesis has been
corroborated by gene inactivation (Wang et al., 2018).

At 18/31°C, all the OTA genes analysed in this work showed expression levels higher than at
20/37°C. These results were positively correlated with OTA production which was higher and
significantly different at 18/31°C than at 20/37°C (Fig. 4). Different studies reported that
optimum conditions for the production of OTA by A. carbonarius are high a, (0.95-0.99) at
temperature ranging from 20°C to 30 °C (Astoreca et al., 2010; Belli et al., 2005b; Mitchell et al.,
2004; Selouane et al., 2009) however, this variation is also depending on the origin (Lasram et
al., 2010) and intraspecific variability (Garcia et al., 2011) of the strains. It is generally agreed that

increasing temperatures and decreasing a,, cause a reduction of OTA production by A. carbonarius

(Belli et al., 2005b; Marin et al., 2006). Indeed, no OTA production was observed under the limit
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of detection, when we analysed A. carbonarius grown at 0.93 a, at both the two temperature
conditions tested and after extension of incubation time at 10 and 14 days (data not shown). The
lack of OTA production at 0.93 a, may be due to the glucose added in the medium to lower the
aw value; in fact, it was reported that increasing glucose in the medium causes a decreasing of
OTA production in A. carbonarius (Stoll et al. 2013).

Our findings are also concordant with a research reporting that the increasing of night
temperature from 20°C to 25 °C and diurnal temperature from 30°C to 42°C induced a drastic
reduction in OTA accumulation (Oueslati et al,, 2010). In our case, the major diurnal
temperature increase (+6°C) rather than the slight nocturnal one (+2°C) could have negatively
affected OTA production.

To date, very little has been reported about the molecular mechanisms by which
environmental factors regulate OTA cluster activation. In a recent study on the production of
OTA under the influence of temperature and a,, in A. carbonarius, the authors have observed that
while a,, was the key factor affecting OTA production, only temperature acted as the key factor
influencing transcript levels of some biosynthesis structural genes; however, no transcriptional
factor internal to the cluster was investigated (Lappa et al., 2017). Generally, temperature and
other abiotic factors affect mycotoxin production by acting on the transcription levels of
biosynthesis genes, with the increasing production coupled to the rising expression of the
structural genes. Instead, not conclusive or contradictory results about the expression levels of
specific transcription factors in the cluster have been reported to date. In most of the studies on
aflatoxin biosynthesis, for example, the transcript levels of the two regulatory genes, AfIR and
AflS, did not change significantly in comparison to the levels of structural genes, when conducive
or repressive temperature conditions for mycotoxin production were applied (Gallo et al., 2016;
O'Brian et al., 2007). On the contrary, we found that the highly increased expression levels of the
putative transcription factor of OTA cluster (AcOTAbZIP) mirrored the increased expression of
OTA structural genes and then the increased OTA production. Not all the genes including in
the cluster of OTA biosynthesis and their corresponding functions have been identified. From
the analysis of genomic sequences of ochratoxigenic Aspergillus species, a likely second
transcription factor, a zinc finger DNA-binding protein, is present in the cluster and it could also
have a role in the regulation of OTA production (Wang et al., 2018). So, the regulation of OTA
biosynthesis is far to be completely clarified. Furthermore, the regulatory mechanism of secondary

metabolites such as mycotoxins, is composed of overlapping and interconnected pathways, which
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comprise global regulators and multiprotein complexes that respond to environmental clues. One
of most important is the heterotrimeric Velvet complex (VelB/VeA/LaeA) that links sexual
development with secondary metabolism in fungi in response to light, through a regulated spatial
compartmentalization of the three proteins (Bayram et al., 2008). In details, under dark
conditions, VeA is transported from cytoplasm to the nucleus where it reacts with LaeA and VelB,
regulating production of secondary metabolites, and with VelB, controlling fungal sexual
development (Palmer et al., 2013). In A. carbonarius, Crespo-Sempere et al. (2013), found that
VeA and LaeA have an important role in regulating conidiation and OTA production in response
to light, since the loss of VeA and LaeA led to a reduction of OTA and conidial production in
mutant strains. In wild-type strain, they observed an increasing of OTA production under dark
conditions and an activation of conidiation by light; however, the transcription of the VeA and
LaeA genes appeared relatively constant under both light and dark conditions, suggesting that in
the regulatory mechanism the subcellular localization of the protein is more important than the
transcriptional level of the corresponding genes. Interestingly, in our study on A. carbonarius
exposed to a light/dark cycle, the expression of the three genes of the global regulator complex
appeared from 2 to 5 fold higher at the temperature conditions favorable to OTA production,
18/31°C, than at 20/37°C, in correlation with the transcription profile of biosynthesis genes.
Actually, the role of VeA and more generally of the Velvet complex in the regulation of certain
secondary metabolite clusters was suggested to be temperature-dependent as observed in a recent
study on A. fumigatus under different temperature conditions (Lind et al., 2016). Therefore, the
Velvet complex appears to be involved in both temperature and light based regulation of
secondary metabolism in Aspergillus, providing support to the fact that regulation of mycotoxin
production occurs in response to multiple environmental cues. The localization of VeA in the
nucleus under dark conditions seems to be crucial for the Velvet complex in controlling the dark
responsive secondary metabolism in fungi, while the precise mechanisms by which this complex
and the interaction of its components regulate temperature influence on the secondary
metabolism is still to be elucidated. A complex regulatory network involving multiple
interconnecting proteins may be responsible to the response to various environmental stimuli.
With the present in vitro study, we investigated for the first time the behavior of A. carbonarius
under the combined effect of two environmental factors in simulating field conditions of an area
at high risk of OTA contamination, according to the expected values in a climate change scenario.

On the basis of our results, we found that the possible increase of the temperature from
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18/31 °C to 20/37°C 10h/14h dark/light, likely to happen in some areas of the Apulia region,
may results in a reduction of both A. carbonarius spoilage and OTA production in grapes.
Furthermore, molecular measurements gave us useful information not only as a more sensitive
support to the chemical analysis, but also highlighting the complexity of the OTA biosynthesis

by the involvement of some regulatory genes not necessarily located in the cluster.
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In addition, 11.5h/12.5h dark/light current (15/28°C) and increased (18/34°C) temperature
cycles of North Apulia area were tested on the ecophysiology, toxin gene expression and OTA
production by A. carbonarius ITEM 5010. The same experimental approach previously reported

in “Material and Methods” of Study I, was followed. Hereafter some of the main results obtained.

e Lag phase, growth rate and sporulation

As shown in Figure 12A, the drought stress (0.93 a,,) caused a general increase of the lag phases
compared to high water availability (0.99a,,) both at 15/28°C and 18/34°C. Moreover, at 0.93a,,
15/28°C caused a significantly longer phase (58 h) compared to 18/34°C (38 h). At 0.99a,, the
lag phases exhibit no significant differences when the temperature cycles were changed. As
regards growth rate (Figure 12B), at 0.99 a,, both at 15/28°C and 18/34°C, they were
significantly faster than at 0.93 a,, with the highest value observed at 15/28°C (14 mm-day ).

The effect of both temperature and water activity variations, was macroscopically evident
comparing the plates at 7 days after inoculation, as shown in Figure 13. Water stress resulted in
a less sporulated mycelium compared to 0.99 a, while temperature variations reflected in a
different shape of the colonies.

ANOVA analysis showed that both lag phase and growth rate were significantly influenced

(p<0.001) by temperature, water activity and their interaction (data not shown).
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Figure 12. A) Lag phases (h) of A. carbonarius ITEM 5010 grown on GJM at 0.99 and 0.93 a,, and
incubated at 15/28°C (white bars with dots) and 18/34°C (grey bars), 11.5h/12.5h dark/light
photoperiod. B) Growth rate (mm-day™) of A. carbonarius ITEM 5010 grown on GJM at 0.99 and
0.93 a, and incubated at 15/28°C (white bars with dots) and 18/34°C (gray bars), 11.5h/12.5h
dark/light photoperiod. Letters indicate significant differences (Tukey HSD, p<0.05).
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15/28°C

18/34°C

Figure 13. Pictures of A. carbonarius ITEM 5010 colonies centrally inoculated taken at 7 dpi at
15/28°C and 18/34°C, 11.5h/12.5h dark/light, 0.99 and 0.93 a,,

e Gene expression and OTA production

The effect of the two alternating day/night temperature on the expression of both biosynthetic
and regulatory genes in A. carbonarius was analysed after 4 days of growth at 0.99 a,, which seems
to be the most reliable time to detect the activation of the genes involved in OTA biosynthesis,
preceding the later increase of OTA production. As shown in Figure 14, a general up-regulation
of both structural (AcOTApks, AcOTAnrps, AcOTAhal and AcOTAp450) and transcription factor
(AcOTAbLZIP) of OTA related genes was observed at 18/34°C compared to 15/28°C. In
particular, transcription levels resulted to be almost unchanged for the gene encoding the
cytochrome p450 oxidase protein and 10-fold higher for the NRPS encoding gene. The genes
laeA, veA, and welB, belonging to the global transcriptional complex regulating fungal secondary
metabolism known as Velvet complex, showed a higher level of expression between 2 and 6-fold
at 18/34°C temperature cycle as well (Fig. 14B).

Gene expression analysis performed after 4 days of incubation, was supported by the results

of OTA production (Fig. 15).
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At 0.99 a,, the highest OTA production was observed in A. carbonarius grown at 18/34°C after
4 days (2478 ng-g ). Under strong water stress conditions (0.93 a,), A. carbonarius appeared
unable to produce OTA, whose amount was under the limit of detection, in any of the
temperature conditions tested.

ANOVA analysis evidenced that OTA production was significantly affected by the different

temperature conditions (Fig. 15).
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Figure 14. A) Fold changes (Log;***“") of A. carbonarius OTA structural genes (AcOTApks,
AcOTAnrps, AcOTAhal, AcOTAp450, AcOTAbZIP) at 18/34°C; B) Relative expression of the
regulatory Velvet complex genes (LaeA, VeA, VelB) of A. carbonarius at 18/34°C. For each gene
the expression is relative to the expression at 15/28°C, considered as the control, at day 4 after
inoculation.
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Figure 15. Ochratoxin A (OTA) production (ng-g") by A. carbonarius ITEM 5010 at 15/28°C
(white bars with dots) and 18/34°C (grey bars), 11.5h/12.5h dark/light at 0.99 a,, after 4 and 7

days. Asterisks indicate significant differences between temperature conditions (p=0.029).
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Based on our experimental results, the effect of expected increased temperature (18/34°C)
would probably result in a slight decrease of A. carbonarius spoilage in the vineyards and in a
possible increase of the ochratoxigenic risk in the North Apulia area. In fact, under this condition
a significantly higher amount of OTA was detected, especially after 4 days of incubation.
Moreover, gene expression analysis supported our chemical results, suggesting the early activation
of both structural (AcOTApks, AcOTAnrps, AcOTAhal, AcOTAbZIP) and regulatory (laeA, veA,
velB) genes of OTA pathway which paralleled the phenotypic OTA production.

Such interesting evidences gave us the hints for more investigations. Indeed, 11.5h/12.5h
dark/light 15/28°C and 18/34°C temperature cycles, resulted in low and increased
ochratoxigenic risk, respectively, were selected for further experiments in which CO;, was
included. The interacting effect of temperature and CO; variations was object of the activities
performed during the stay at Cranfield University (United Kingdom) and will be discussed
thereafter (Study II).
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Interacting climate change factors (CO, and temperature cycles) effects
on growth, secondary metabolite gene expression and phenotypic
ochratoxin A production by Aspergillus carbonarius strains on a grape-
based matrix

ABSTRACT

Little is known on the impact that climate change (CC) may have on Aspergillus carbonarius and
Ochratoxin A (OTA) contamination of grapes, especially in the Mediterranean region - a hot spot
for the impact of CC scenarios with temperature expected to increase by +2-5°C and CO; to
double or triple (400 vs 800/1200 ppm). This study examined the effect of (i) current and
increased temperature in the alternating 11.5h dark/12.5h light cycle (15/28°C vs 18/34°C),
representative of the North Apulia area, South Italy and (ii) existing and predicted CO;
concentrations (400 vs 1000 ppm), on growth, expression of biosynthetic genes (AcOTApks,
AcOTAnrps, AcOTAhal, AcOTAp450, AcOTABZIP) and regulatory genes of Velvet complex
(laeA/veA/velB, “velvet complex”) involved in OTA biosynthesis and OTA phenotypic
production by three strains of A. carbonarius. The experiments made on a grape-based matrix
showed that elevated CO; resulted in a general stimulation of growth and OTA production.
These results were supported by the up-regulation of both structural and regulatory genes
involved in the OTA biosynthesis in elevated CO; condition. Our work has shown for the first
time that elevated CO, concentration in the Mediterranean region may result in an increased

risk of OTA contamination in the wine production chain.

In Fungal Biology, in press
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1. INTRODUCTION

Ochratoxin A (OTA) is a mycotoxin produced by Aspergillus and Penicillium species (Frisvad et
al., 2004a,b) responsible for contaminating many foodstuffs including cereals (Scudamore et al.,
2004), coffee (Taniwaki et al., 2003), cocoa (Bonvehi, 2004), grapes and derivatives (Abrunhosa
et al.,, 2001; Varga and Kozakiewicz, 2006; Zimmerli and Dick, 1996). Many studies have shown
that the Aspergillus section Nigri, commonly known as “Black Aspergilli”, are responsible for OTA
contamination of grapes (Garcia-Cela et al., 2016; Palumbo et al., 2011; Battilani et al., 2003). In
particular, A. carbonarius is considered the major species responsible, with other closely related
biseriate species, A. niger and A. welwitschiae of less importance (Perrone et al., 2008; Cabanes and
Bragulat, 2018). OTA is a potent nephrotoxin, classified as a possible human carcinogen (Group
2B) by the International Agency for Research on Cancer (IARC, 1993). Based on toxicological
and exposure data, the European Commission, has established maximum levels for the presence
of OTA in wine, fruit wine, grape juice, grape nectar and grape must for human consumption (2
ng-kg') and dried vine fruits (10 pg-kg') (EC, 2006 a). OTA contamination of grapes is strongly
related to plant phenology, geographical area, meteorological conditions/microclimate and varies
from season to season (Visconti et al., 2008; Somma et al., 2012). Indeed, climate represents the
key-factor in the agro-ecosystem that influences fungal colonization and mycotoxin production in
crops (Magan et al., 2003). Based on the 5® Report of the Intergovernmental Panel on Climate
Change (CC) (IPCC, 2014), anthropogenic Green House Gases (GHG) emissions have increased
since the pre-industrial era, driven by economic and population growth. Their effects have been
one of the dominant causes of the observed global warming since the mid-20™ century. Based on
recent prediction model, atmospheric concentration of CO; is expected to double or triple (from
400 to 800-1200 ppm) and temperature to increase (+2-5°C), in the next 25-50 years.

Such CC scenarios are projected to have a profound effect on the productivity and quality of
crop and livestock production world-wide exacerbating food insecurity especially in areas
vulnerable to hunger and undernutrition (Wheeler et al., 2013). In addition, food safety could
be compromised, with mycotoxins being one of the most important hazards to be most likely
affected by CC (Miraglia et al., 2009; Medina et al., 2017). In this regard, numerous studies based
on the development of predictive models (Van Der Fels-Klerx et al., 2012, Van Der Fels-Klerx et
al., 2016; Battilani et al., 2012; Battilani et al., 2016) have tried to estimate the changes in risks
of mycotoxin contamination of staple crops due to possible CC scenarios. These studies mainly

focused on an increase in temperature of +2 or +5°C in Europe and the related changes in the
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contamination of wheat by deoxynivalenol (DON) (Van Der Fels-Klerx et al., 2012) and of maize
by aflatoxin By (AFB;) (Battilani et al., 2012). However, such studies did not include an evaluation
of CQO; increasing level and the interactions between temperature and elevated CO,. A study by
Medina et al. (2015) showed that interactions between increased temperature (+4°C), elevated
CO; (350 vs 650 or 1000 ppm CQO;) and drought stress had little effect on growth but significant
effects on AFB; production in A. flavus, as confirmed by gene expression analysis of some
structural and regulatory genes involved in toxin biosynthesis. A similar study has been carried
out on A. carbonarius in relation to changes in temperature and elevated CO; on growth and OTA
production by Akbar et al. (2016). They found that on coffee-based media and stored coffee beans
there was more impact of CC on OTA production in Aspergillus westerdijkiae than in A. carbonarius.
However, no detailed studies have been carried out in relation to grape matrices and different
day/night temperature cycles.

An examination of the relative risk of OTA contamination of grapes by the European
Commission (2002) reported that there was an increasing gradient of the incidence and OTA
levels from Northern (50.3% and 0.18 pg-kg") to Southern (72.3% and 0.64 pg-kg') European
countries. Similarly, wines produced in Southern Italy, where climatic conditions favor the
growth of OTA-producing fungi in grapes, has generally resulted in higher OTA contamination
levels (Visconti et al., 2008) than those produced in Central and Northern Italy. Moreover, in
Apulia region (Southern Italy) higher OTA contamination levels have been reported in red wines
produced in Southern area (e.g. Primitivo, Negramaro) historically more affected by the presence
of OTA than those produced in the Northern area (e.g. Nero di Troia, Aglianico) (Perrone et al.,
2007).

In our opinion, the understanding of whether changes in CC scenarios could increase the risk
of OTA contamination is of crucial interest in this important wine producing region of Italy.
Indeed, the objectives of this study were to examine the effect of two different temperature cycles
(15/28 vs 18/34°C, 11.5h/12.5h dark/light), representative of the North Apulia, which is an
area not yet affected by severe OTA contamination levels, and interaction with existing and
future CO; exposure concentrations (400 vs 1000 ppm) on (a) growth rate, (b) gene expression
of toxin biosynthesis related genes (AcOTApks, AcOTAnrps, AcOTAhal, AcOTAp450, AcOTAbZIP)
and the regulatory “Velvet complex” (laeA/veA//velB), and (c) phenotypic OTA production, in

different strains of A. carbonarius.

73



RESULTS STUDY II

2. MATERIALS AND METHODS
2.1. Fungal strains

Three OTA-producing strains of A. carbonarius (ITEM 7444, ITEM 5010 and ITEM 18515)
isolated from Italian wine grapes from Apulia region and held in the Agri-Food Toxigenic Fungi
Culture Collection of the Institute of Sciences of Food Production, CNR, Bari

(www.ispa.cnr.it/Collection), were selected.

2.2. Media preparation and inoculation

A basal Grape Juice Medium (GJM; 0.99 water activity (a,)) was prepared by diluting (50%
v/v) a commercial pasteurized grape juice (composition per 100 mL: fat, 0.02 g; proteins, 0.3 g;
carbohydrates, 16.10 g) with distilled water and supplemented with 1.2% agar (loannidis et al.,
2015). The a,, of GJM was measured using the Aqualab 4TE water activity meter. The pH of the
medium was adjusted to 3.5 using IM KOH.

Fungal inocula were prepared from fungal colonies grown on Potato Dextrose Agar (PDA)
plates for 7 days at 25°C. A sterile loop was used to dislodge conidia and place them into 9 mL
of sterile water containing a 0.05% Tween 80 in a 25 mL glass Universal bottle. The
concentration was quantified with a haemocytometer and diluted with sterile water to obtain a
conidial suspension of 10° conidia-mL" for each A. carbonarius strain. Each conidial suspension
was used to centrally inoculate the GJM plates previously overlaid with sterile cellophane
membranes (8.5 cm diameter). Fungal mycelium was harvested by scraping cellophane membrane
surfaces after 4 and 7 days post inoculation (dpi), and stored at -20°C for OTA content analysis
or -80°C for RNA extraction. Experiments were carried out with three replicates per treatment

and repeated twice.

2.3. Incubation conditions and CO:; treatment

The in vitro agar cultures were placed in 12-L air tight containers and incubated in a dynamic
climatic chamber (SANYO Electric Co., Ltd., MLR-350H) at two different 11.5h/12.5h
dark/light temperature cycles simulating nowadays (15/28°C) and CC scenario (18/34°C) of the
Northern area of the Apulia region. The containers included a beaker (500 mL) of water in order
to minimize moisture loss. They were flushed twice a day either with current (400 ppm) or
increased (1000 ppm) CO; concentrations by using specialty grade mixtures gas cylinders (British
Oxygen Company, Guildford, Surrey, UK), with a flow rate of 3 L-min" in order to renew 3x the

air volume of the incubation chambers (Verheecke-Vaessen et al., 2019).
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2.4. Growth measurements

Fungal growth was assessed daily until 7 dpi and expressed as the average measurement (mm)
of two orthogonal diameters of centrally inoculated colonies. The colony diameters (mm) were
plotted against time (days) and the linear regression model was used for calculating the growth
rate (mm-day’') and the lag phase prior to growth (hours). The square of the linear correlation

coefficient was > 0.98.

2.5. RNA extraction, cDNA synthesis and gRT-PCR

Total RNA was extracted from frozen mycelium by using the Spectrum™ Plant Total RNA kit
(Sigma-Aldrich, St Louis, Missouri, U.S.A.), according to the manufacturer’s instructions. RNA
concentration was determined by using Genova Nano (Jenway, Stone, UK) and its integrity was
checked on 1% agarose gel. First strand cDNA was synthesized using 1 pg of total RNA with the
Omniscript® Reverse Transcription kit (Qiagen, Hilden, Germany), following the manufacturers’
instructions.

The expression levels of the biosynthetic (AcOTApks, AcOTAnrps, AcOTAhal, AcOTAp450,
AcOTAbBZIP) and regulatory “Velvet complex” (laeA/veA/velB) genes of A. carbonarius were
analyzed by using quantitative reverse transcription-PCR (qQRT-PCR). The S-tubulin gene was used
as an internal reference. Nucleotide sequences of primers used in the qPCR assays are shown in
the Table 1. qPCR reactions were performed using the Viia 7 Real Time PCR (Thermo Fisher
Scientific, Waltham, USA) system programmed to hold at 50°C for 2 min and at 95°C for 2 min
and to complete 40 cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s. Specificity of the PCR
amplifications was confirmed by dissociation curve analysis and qPCR efficiency of each
oligonucleotide pair was calculated from each linear regression of standard curves. Real time PCR
experiments were conducted in 96-well plates by using SYBR Select 2x MasterMix (Thermo-Fisher
Scientific, Waltham, USA) and different concentrations of primers pairs, as reported in Table 8,
for each gene. Data analysis was assessed using QuantStudio’ RT-PCR Software (Applied

Biosystems, version 1.3).

Relative gene expression was assayed in triplicate for each individual biological replicate. The
relative quantification of gene expression was established using the comparative 2 22T method
(Livak and Schimittgen, 2001) and fold changes at 1000 ppm were expressed as log; (2°°7).
Significant differences between fold changes at 1000 ppm vs 400 ppm (control) for each gene,
were assessed by using Sidak’s multiple comparison test (Table 10).
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Table 8. Primers sequences for gRT-PCR used in this study.

Primer Concentration Sequence (5-3') Reference
RT_OTApks_Ac_FOR 200 nM CGTGTCCGATACTGTCTGTGA Gallo et
RT_OTApks_Ac_REV 200 nM GCATGGAGTCCTCAAGAACC al., 2014

RT_nrps_Ac_FOR 200 nM ACGGGTCGCTGCTCTATATC Ferrara et
RT_nrps_Ac_REV 200 nM ACTCACCACATCAACCACGA al., 2016
RT_hal_Ac_FOR 200 nM GAACGCCAGTAGAGGGACAG Ferrara et
RT_hal_Ac_REV 200 nM ATGGAGGTGGTGTTGTTGTG al., 2016
RT_AcOTAp450_F 200 nM GTGGTTATCCCGCCCAATAC Ferrara et
RT_AcOTAp450_R 200 nM TGCCAGATTCATCCCGATAC al., 2016
RT_Ac_OTAbZIP_for 250 nM AATGGAACCAGCATTGATCTC  Ferrara et
RT_Ac_OTADBZIP_rev 250 nM GACCCAAGCATTCGCTCTA al., 2016
RT_AClaeA-1F 150 nM AATGGGACCGCAATGAGTC This study
RT_AClaeA-2R 150 nM TCCTGCTCCTGTTCGTCAC
RT_Ac_veA_FOR 150 nM GGTGAATGAGACCGAGCA This study
RT_Ac_veA_REV 150 nM GCATTGTAGGCGAAGGTGA
RT_Ac_VelB_For 150 nM AGTGCGTTCCGACTGACTG This study
RT_Ac_VelB_Rev 150 nM TGGACTGATTACCGACATITACA
RT3 BT Ac_F 200 nM CAAACCGGCCAGTGTGGTA Ferrara et
RT3 BT Ac_R 200 nM CGGAGGTGCCATTGTAAACA al., 2016

2.6. Ochratoxin A analysis

For the quantification of OTA in fungal cultures, HPLC-FLD analysis was performed. About
100 mg of freeze-dried mycelium were extracted with 2 mL of a mixture of
methanol:acetonitrile:water (30:30:40 v/v/v) by shaking for 2 h at room temperature. After
extraction, samples were centrifuged for 15 min at 4500 rpm and 600 pL of supernatant were
diluted with 400 pL of acetonitrile:water:acetic acid (35.0:62.5:2.5 v/v/v) and vortexed for 30 s.
The diluted extract was filtered (0.22 pum) and 100 pL were injected into the HPLC-FLD
apparatus. The mobile phase was an isocratic mixture of acetonitrile:water (45:55 v/v) containing
1% acetic acid. The HPLC-FLD apparatus was a 1100 series liquid chromatography (LC) system
comprising a binary pump, an autosampler, and a fluorescence detector (excitation wavelength,
333 nm; emission wavelength, 460 nm) from Agilent Technologies (Waldbronn, Germany). The
column used was a Zorbax Eclipse Plus C18, 150 mm x 4.6 mm, 3.5 pum particles (Agilent, USA).
The flow rate of the mobile phase was 1 mL+-min”, with a run of 15 minutes. The retention time
for OTA was 9.5 minutes. The standard solution of OTA in acetonitrile were purchased from
Romer Labs Diagnostic GmbH (Tulln, Austria). Calibration solutions of OTA were prepared in

HPLC mobile phase, and calibration curves were prepared in the range of 3.9 ng-mL" to 1000
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ng-mL". The volume of injection was 10 puL both for the samples and the standards. The limit of

detection and quantification were 1.50 ng-g' and 5 ng-g’, respectively.

2.7. Data analysis

Statistical analyses were performed using GraphPad Software (version 7.0, Prism, La Jolla
California, USA). After checking the normal distribution of datasets using the Shapiro-Wilk test,
the Analysis of Variance (ANOVA) was performed in order to test the effect of each single
variable (CO,, temperature) and their interaction (temperature x CO,). Furthermore, significant

differences among the means were established by using Tukey HSD post hoc test (p<0.05).
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3. RESULTS

3.1. Growth measurements

Figure 16 shows the effect of temperature cycles and exposure to either 400 or 1000 ppm CO;
on the lag phases (h) prior to growth and the relative growth rates (mm-day') of the three A.
carbonarius strains. Overall, there was a reduction in the lag phases when 2.5x higher CO,
concentration was imposed. Under the combined effect of the temperature cycle of 15/28°C x
1000 ppm, the lag phases of two strains (ITEM 7444, ITEM 18515) were significantly shorter
than those observed in the 15/28°C cycle x 400 ppm. The ANOVA analysis (Table 9) showed
that CO; variation significantly impacted on lag phases prior to growth of all the three A.
carbonarius strains, while the temperature cycle and its interaction with CO; had a significant
effect only on the lag phases of the strain ITEM 7444.

Data on the relative growth rates (see Figure 16) showed that the three A. carbonarius strains
behaved similarly and the exposure to increased CO; concentration (1000 ppm) resulted in faster
growth compared to the current CO; level (400 ppm). In addition, when the temperature cycle
was elevated to 18/34°C, growth rates were significantly higher than those observed in the
15/28°C cycle. The different ecophysiological behavior of A. carbonarius strains, both in terms of
growth and sporulation, under the combined effect of two temperature cycles and CO; air
concentrations, was evident on 7 days centrally inoculated plates (Figure 17). Statistical analyses
showed that single factors (temperature cycle, CO;) had a significant impact on the growth of all

three strains, while their interaction (temperature cycle x CO») did not have a significant effect

(Table 9).
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Figure 16. Lag phase (h) and growth rate (mm-day™) of A. carbonarius ITEM 7444, ITEM 5010,
ITEM 18515 at 15/28°C (grey bars) and 18/34°C (white bars), 400 vs 1000 ppm. Letters indicate
significant differences (Tukey HSD, p<0.05).
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ITEM 5010

A) ITEM 7444 ITEM 18515

400 ppm

1000 ppm

B)
ITEM 7444 ITEM 5010 ITEM 18515
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Figure 17. A) Pictures of A. carbonarius ITEM 7444, ITEM 5010, ITEM 18515 colonies centrally
inoculated taken after 7 days at 15/28°C 11.5h/12.5h dark/light, 400 and 1000 ppm. B) Pictures

of A. carbonarius ITEM 7444, ITEM 5010, ITEM 18515 colonies centrally inoculated taken after
7 days at 18/34°C 11.5h/12.5h dark/light, 400 and 1000 ppm.
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Table 9. Summary of ANOVA analysis for lag phase (h) and growth rate (mm-day") of A.
carbonarius ITEM 7444, ITEM 5010 and ITEM 18515 strains in relation to CO; (400 vs 1000
ppm) and temperature variations (15/28°C vs 18/34°C).

. Significance Response
Strains
CO:; T CO:xT
ITEM 7444 - - ' Lag Phase (h)
o o ns Growth rate (mm-day™)
* ns ns Lag Phase (h)
ITEM 5010 B
o o ns Growth rate (mm-day™)
* Lag Phase (h
ITEM 18515 o » s Phase ()
rx rx ns Growth rate (mm-day")

Levels of significance (p-values): 0.12: ns; 0.033: *; 0.002: **; < 0.001: ***

T: temperature; CO;: carbon dioxide.

3.2. Gene expression and ochratoxin A production

Figure 18 shows the effect of interacting CC factors on the expression of biosynthetic and
regulatory genes in the three A. carbonarius strains when grown on a grape-based substrate after 4
days incubation. This time point was chosen on the basis of previous studies on the correlation
between kinetics of OTA production and transcription levels of OTA biosynthetic genes in A.
carbonarius (Gallo et al., 2014; Ferrara et al., 2016). Indeed, they reported that genes’ activation
occurs in the earlier days of incubation and precede the later increase of OTA production. This
finding was also reported in Penicillium nordicum, another ochratoxin A producer (Geisen et al.,
2004).

In elevated CO; condition (1000 ppm) and in the 15/28°C temperature cycle a general
upregulation of the synthetic OTA genes (AcOTApks, AcOTAnrps, AcOTAhal, AcOTAp450,
AcOTAbZIP) was observed. In particular, for the A. carbonarius strain ITEM 5010, there was an
increased expression of the gene AcOTAnrps exhibiting almost a 5-fold higher transcription level.
Under this interacting condition, the gene coding for a bZIP transcription factor, was also more
than 2-fold overexpressed. This occurred in all three strains examined.

In addition, in the 15/28°C cycle x 1000 ppm COs, the regulatory velvet complex genes, laeA,
veA and welB, resulted upregulated, with the same trend observed for the key OTA cluster
biosynthetic genes. Interestingly, the veA gene was a 5-fold upregulated in strain ITEM 7444.

Under the higher 18/34°C temperature cycle, a more variable pattern in the transcriptional
profile of all the genes occurred. Under this growth condition, the main OTA cluster genes

(AcOTApks, AcOTAnrps, AcOTAhal) were upregulated only in strain ITEM 5010. With regard to
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the Velvet complex genes (laeA/veA/velB), their expression levels were almost unchanged in all
three A. carbonarius strains except for the veA gene in strain ITEM 7444 strain which showed a
>3-fold upregulation in the 18/34°C cycle x 1000 ppm CO; treatment.

Figure 19 compares the temporal effect of both temperature cycle x CO; exposure
concentrations on the OTA production by the three A. carbonarius strains. Although the three
strains behaved similarly under the different interacting CC factors, intra-species differences in
the amounts of OTA detected were observed, with the ITEM 18515 strain being a much higher
toxin producer than the other two strains examined. Furthermore, the OTA concentration
produced was higher after 4 dpi than after 7 dpi.

In general, higher OTA production occurred in the elevated CO; concentration (1000 ppm)
treatment, especially in the 15/28°C temperature cycle. In this scenario after 4 dpi, each strain
produced higher amounts of OTA, which was significantly different from that detected in current
CO; (400 ppm) conditions for two out of three strains (ITEM 7444, ITEM 5010). In current
CO; conditions (400 ppm), no differences were found between the two temperature cycles
(15/28°C vs 18/34°C) tested for all three A. carbonarius strains. Statistical analysis (Table 11)
shows that the temperature cycles significantly influenced OTA production only in strains ITEM
5010 and ITEM 18515, while CO; variation and the interaction between CO; x temperature

cycle had a significant impact on all three A. carbonarius strains examined.
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Figure 18. Relative expression at 1000 ppm of OTA biosynthetic (AcOTApks, AcOTAnrps, AcOTAhal, AcOTAp450), transcription factor (AcOTAbZIP)
and regulatory (laeA/veA/velB) genes of A. carbonarius ITEM 7444, ITEM 5010, ITEM 18515 grown on 0.99 a, GJM at 15/28°C and 18/34°C
11.5h/12.5h dark/light at 1000 ppm vs 400 ppm (control), after 4 days.
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Table 10. Summary of fold changes (log; (2°%“")) of biosynthetic (AcOTApks, AcOTAnrps,
AcOTAhal, AcOTAp450), transcription factor (AcOTAbZIP) and regulatory (laeA/veA/velB) genes
of A. carbonarius ITEM 7444, ITEM 5010, ITEM 18515 at 15/28°C and 18/34°C, 400 ppm vs

1000 ppm.
Conditions
15/28°C 18/34°C
CO; (ppm) CO; (ppm)
Strains - Genes o) 1000 400 (cerl) 1000 N
value value

AcOTApks 0+£033 2.15+0.34 * 0+0.25 1.58 +0.51 *
AcOTAnrps 0+£0.83 1.97+0.46 * 0+0.39 0.61 £0.24 ns

I AcOTAhal 0+£0.32 142+0.52 ns 0+0.38 0.44+0.46 ns
N AcOTAp450 | 0£0.43 0.51+0.63 ns 0+0.30 0.25 £0.46 ns
E AcOTAbBZIP 0+£0.35 255067 ** 0 +0.64 0.59 £ 0.39 ns
= laeA 0+£0.77 217+0.62 * 0+£0.35 -0.35+046 ns
veA 0+0.67 5.60+0.51 *** 0+0.55  3.60+0.65 o

velB 0+£050 1.23+0.82 ns 0+0.14 0.39 £ 0.38 ns
AcOTApks 0+£0.52 3.62+044 *** 0+0.23 4.89+0.31 o
AcOTAnrps 0+046 493+046 ** 0+£0.20 4.2 +0.46 e

S AcOTAhal 0+0.87 2.33+0.65 * 0+0.18 1.1 £0.17 o
® AcOTAp450 | 0£0.80 1.82+0.50 ns 0+0.18 0.13 £0.28 ns
E AcOTAbZIP | 0+£0.92 2.83+0.58 ** 0+0.16 -2.19+0.24  ***
= laeA 0+£0.85 221+0.55 * 0+£0.29 0.24+0.25 ns
veA 0+0.69 0.74 + 1 ns 0+0.14 044 +040 ns

velB 0+£0.85 03+0.63 ns 0+0.11  0.23+0.30 ns

AcOTApks 0+0.34 1.26+0.28 ns 0+0.44 -1.66+0.49 *
AcOTAnrps 0+050 1.77+0.24 ns 0+0.51 -0.15+0.65 ns

- AcOTAhal 0+£0.24 120%£0.19 ns 0+0.32 0.77 £ 0.46 ns
@ AcOTAp450 | 0+£1.13 1.89+0.50 * 0+£043 -1.18+0.93 ns
= AcOTABZIP | 0+1  228+0.79 * 0039 137+0.64 ns
= laeA 0+0.35 1.06+0.73 ns 0+0.38  -0.92+0.46 ns
veA 0+047 224 +0.61 * 0 +0.64 .05 +0,46 ns

velB 0+£0.57 1.20+0.47 s 0+0.11 0.21 +0.40 ns

Asterisks indicate significant differences (Sidak, p=0.12: ns; 0.033: *; 0.002: **; < 0.001: ***) at 1000 ppm vs 400
ppm (control) for each gene.
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Figure 19. Ochratoxin A production (ng-g') by A. carbonarius ITEM 7444, ITEM 5010, ITEM

18515 at 15/28°C and 18/34°C 11.5h/12.5h dark/light, 400 ppm (white bars) and 1000 ppm
(grey bars) at 4 and 7 dpi. Letters indicate significant differences (Tukey HSD, p<0.05).
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Table 11. Summary of ANOVA analysis for ochratoxin A production of A. carbonarius ITEM
7444, ITEM 5010 and ITEM 18515 strains in relation to CO; (400 vs 1000 ppm) and
temperature variations (15/28°C vs 18/34°C).

. Significance
Strains
CO; T CO;xT
ITEM 7444 i ns *
ITEM 5010 i * *
ITEM 18515 * * *

Levels of significance (p-values): 0.12: ns; 0.033: *; 0.002: **; < 0.001: ***

T: temperature; CO;: carbon dioxide.
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4. DISCUSSION

This is the first study where the effect of interacting CC factors (T x CO;) have been
investigated on growth, relative expression of a range of structural and regulatory genes and OTA
production by A. carbonarius strains grown on a grape-based matrix. This may be particularly
important for the Apulia region, which is considered an important wine producer area in Italy.
In particular, we aimed to study the effect of current and projected climate conditions in the
North Apulia region, where the OTA risk is now relatively low, selecting two day/night
temperature cycles (15/28°C vs 18/34°C, 11.5h/12.5h dark/light), and two CO; concentrations
(400 vs 1000 ppm).

The effect of day/night temperature associated with photoperiod on the ecophysiology of A.
carbonarius grown on substrates simulated grape composition has been already investigated.
Queslati et al., 2010, studied the combined effect of three alternating temperatures (20-30°C, 20-
37°C, 25-42°C) and 11h/13h light/darkness photoperiod on A. carbonarius strains isolated from
Tunisian grapes and grown on a Synthetic Nutrient Medium (SNM) at 0.99 a,.. They found that
mycelia growth rate was faster at 20-30°C, compared to the other conditions. Similarly, Garcia-
Cela et al., 2012, studied the effect of two day/night temperature (20-30°C and 25-37°C) and
16h/8h light/darkness on growth and OTA of two A. carbonarius isolated from Spanish grapes
and found that 20-30°C cycle resulted in higher risk of contamination. In our study, the different
effect of two day/night temperature cycles applied with the same photoperiod, was evident both
on mycelial growth rate and sporulation of colonies. In particular, 18/34°C temperature cycle
determined a faster growth indicating that the projected +6°C diurnal temperature may be
associated to a higher risk of A. carbonarius contamination.

In addition, our results, suggested that the expected increase of 2.5x CO; atmospheric
concentration might increase the A. carbonarius colonization rate resulting in a possible increased
risk of spoilage in grapes and grape-derived products. Such data constitutes new evidence about
the ecophysiology of A. carbonarius and differs from previous studies where growth was generally
found to be relatively unaffected by elevated CO; exposure when compared to mycotoxin
production. In this regard, Akbar et al. (2016), suggested that lag phases prior to growth and
growth rates of different strains of Aspergillus sections Circumdati (A. westerdijkiae, A. steynii, A.
ochraceus) and Nigri (A. niger, A. carbonarius) grown on a coffee-based media, were generally not
significantly stimulated by the effect of increased CO; atmospheric concentration (1000 ppm).

Similarly, Medina et al. (2015) found that the growth of A. flavus on a conducive medium (YES)
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was relatively unaffected by the addition of 2x and 3x existing CO; levels (350 vs 650/1000 ppm).
However, these studies excluded the effect of photoperiods and temperature cycling and in
addition, they were conducted on other substrates, differently from us. Thus, the increased
growth rate of A. carbonarius in the present study was probably different because of the interaction
between the temperature cycles and elevated CO,.

The present study has also examined the impact of such interacting CC factors on the
transcriptional profile of key genes related to OTA biosynthesis, and the possible correlation with
the phenotypic OTA production. The combination of the current temperature cycle (15/28°C)
with elevated CO; level (1000 ppm) resulted in an overall upregulation of biosynthetic genes -
AcOTApks, AcOTAnrps, AcOTAhal, and in particular - AcOTAbZIP encoding for a transcription
factor, which were positively correlated with the phenotypic production of OTA under this
treatment. Moreover, laeA, veA, velB genes were upregulated following a similar expression
pattern of the other structural genes, suggesting that 15/28°C x 1000 ppm CO; condition may
directly influence the global regulatory velvet complex and thus OTA production. These results
are in accordance with Crespo-Sempere et al., 2013 that showed the need of veA and laeA genes
for OTA production in A. carbonarius.

In general, information about the expression of mycotoxin related genes under different CC
factors are still limited for toxigenic fungi. The limited studies, available until now, reported
discordant evidences about the pattern of expression of key genes related to the mycotoxin
production and the phenotypic toxin amount detected. In particular, Medina et al. (2015) studied
the three-way interacting effects of CC factors (a, x T x CO;) on A. flavus grown on YES and
found that high temperature (37°C) and increasing CO; concentration (350 vs 650/1000 ppm)
induced the upregulation of both structural (aflD) and regulatory (afIR) genes which positively
correlated with the AFB; production. In contrast, Gallo et al. (2016), found that only the
structural genes (aflD, aflO) showed increased expression levels in correlation with higher AFB;
production when they examined the impact of two-way interacting factors (a, x T) on A. flavus
grown on an almond-based medium.

Recently, Verheecke-Vaessen et al. (2019) examined the effect of three-way interacting CC
factors (aw x T x CO;) on growth, biosynthetic genes and phenotypic T-2 and HT-2 toxin
production by Fusarium langsethiae on oat-based media and on stored oats. They found that the

combinations of a higher temperature (25 vs 30°C) x slight water stress (0.98 a,) x elevated CO;
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concentration (400 vs 1000 ppm) caused a significant increase in both the expression of
biosynthetic toxin genes (Tri5, Tri6, Tril16) and phenotypic production of T-2/HT-2.

With regards to OTA production, very little is known about the impact that interacting CC
factors may have on the regulation of the OTA cluster and how such drivers may influence
mycotoxin production. Recently, Lappa et al. (2017), monitored the temporal expression of two
OTA biosynthetic genes (AcOTApks, AcOTAnrps) and a regulatory (laeA) gene in A. carbonarius in
relation to temperature and water stress. They reported that while water availability was the key
factor affecting OTA production, only temperature acted as the key trigger influencing the
transcript levels of the toxin biosynthesis genes.

In the present study, it has been shown, for the first time, that there is an impact of projected
CC scenarios on the risk of OTA in a specific area in the Mediterranean region.

Recent studies by the European Commission (2018) pointed out that the Mediterranean basin
is already being impacted by CC and extreme weather events, that are drastically changing the
landscape of this region. Such CC scenarios are likely to affect the natural ecosystem of important
staple crops leading to food/feed safety and security uncertainty (Donatelli et al., 2017). With
respect to food safety, mycotoxins are probably one of the major hazards likely to be affected by
such changes (Miraglia et al., 2009; Medina et al., 2017). Toxigenic fungi have specific ecological
niches for crop colonization and toxin production which reflect their distribution around the
world (Van Der Fels-Klerx et al., 2016). Indeed, in hotspot regions for CC it is expected that both
pests and diseases may migrate to areas which match their ecological niches and where they are
more resilient (Lobell and Gourdji, 2012; Battilani et al., 2016). In addition, there is potential
that such CC scenarios will impact on selection or evolution of new fungal genotypes producing
different secondary metabolites which may require alternative mitigation strategies than those
being used now (Moretti et al., 2019).

On the basis of the predicted CC scenario impacts on the Mediterranean region, the present
ecophysiological conditions affecting the colonization by A. carbonarius and the OTA
contamination in grapes and grape-derived products might change. Under the CC scenarios
examined in the present study, we found that the increase of more than 2.5x CO; concentration
in the North Apulia region, resulted in an increase of colonization rate by A. carbonarius and
phenotypic OTA production. This was supported also by a molecular analysis of the
transcriptional profile of both structural and regulatory genes involved in toxin biosynthesis. Our
findings suggest that the predicted CC may have a detrimental effect on the wine production

chain in this area. This type of data could be used for the development of predictive models of
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the potential impact and possible increase in risks of OTA contamination of grapes and grape-
based products in areas already identified as hot spots for CC impacts in the Mediterranean

region.
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Aspergillus carbonarius proteases and their possible activity in

ochratoxin A degradation during wine making

ABSTRACT

Aspergillus carbonarius is the main responsible fungus of ochratoxin A (OTA) contamination of
grapes and derived products. Recently, the biosynthetic mechanism of this mycotoxin has been
mainly elucidated by experiments of knocking out of the key biosynthetic genes. The mutant
strain of A. carbonarius, in which the AcOTAnrps gene had been disrupted, was unable to produce
OTA but retained its ability to degrade OTA into OTo when it was grown in presence of
exogenous OTA. Microbial degradation of OTA is due to the enzymatic cleavage of the amide
bond between L-B-phenylalanine and OTa by proteolytic proteins. Then, an in silico screening
has been made on the available genome sequence of A. carbonarius ITEM 5010 to identify genes
encoding proteases and to investigate their involvement in the OTA degrading activity of A.
carbonarius. Preliminary transcriptomic analysis allowed selecting protease encoding genes that
were expressed at increased level during OTA production. From the analysis of functional
domains of the deduced protein sequences, four identified genes encode for aspartic proteases,
three for serine proteases and one for a metalloprotease. Wild type and three mutant strains of
A. carbonarius ITEM 5010 (AAcOTAnrps, AAcOTApks, AAcOTAhal) previously obtained and
resulted to be unable to produce OTA, have been incubated in the presence of exogenous OTA
with the aim to evaluate the OTA degrading activity of these strains. In addition, expression levels
of the identified proteases encoding genes was investigated to evaluate their activation during

growth with the aim to establish their involvement in the degradation activity of A. carbonarius.

The present work has received funding by the European Union’s Horizon 2020 Research and
Innovation programme under Grant Agreement No.678781 (MycoKey).
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1. INTRODUCTION

Wines represent the second major source of OTA intake (10-20%) after cereals (40-50%) in
human diet (CAC, 1998). Aspergillus carbonarius, within the Aspergillus sect. Nigri, has been
identified as the major cause of contamination in vineyards (Perrone and Gallo, 2017). This
mycotoxin is proven to be toxic, being primarily known for its nephrotoxicity and potential
carcinogenicity to human (Group 2B) (IARC, 1993). Regulations have been established to limit
the risk of exposure to OTA contamination. For wine, it is reported that in high risk years OTA
content, could exceed the legislative limit 2 pg-kg"' (European Commission, 2006 Reg. 1881)
resulting in more than 20-30% of the final products.

Prevention and/or detoxification of contaminated products is then of prime importance in
protecting consumer’s health. Fungal spoilage and consequent OTA contamination through the
grape-wine production chain can be controlled at different points: in the vineyards, harvest and
wine processing. Preventive strategies, such as the application of Good Agricultural Practices
(GAP), the use of fungicides (e.g. SWITCH®), during cultivation are the most efficient way to
limit the fungal growth and mycotoxin contamination in further stages (Abrunhosa et al., 2010).
Biocontrol has been also proposed as a strategy to reduce the impact of ochratoxigenic species in
vineyards, with yeasts being particularly promising for this scope due to their capacity to colonize
plant surfaces for long periods under dry conditions (Ponsone et al., 2011). During harvest, the
only efficient way to avoid OTA presence in grapes intended to wine making, is to exclude visible
damaged and rotted berries and preserve the integrity of grapes by controlling transport
conditions (Visconti et al., 2008). OTA in grapes is transferred to wine during vinification.
Differences in this process cause a different occurrence of OTA in wines, with red being more
contaminated than white wines due to a longer maceration process (Blesa et al., 2006).

Several decontamination strategies of ochratoxin A in wine have been proposed. Currently,
the EU allows the use of fining agents, such as oenological charcoal, as a corrective action against
OTA presence by using the lowest possible and most effective doses (Codex Alimentarius, 2007).
However, the efficacy of charcoal is directly related to reductions in nutritive and quality
parameters of the treated wines limiting their application. The International Code of Oenological
Practices suggests the use of chitosan and chitin-glucan not exceeding 500 g-hL *, to reduce OTA
in wine (OIV, 2009 a,b).

A better solution to limit the presence of OTA in wine would be biodegradation. The use of

microorganisms and/or their enzymes would represent the technology of choice for
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decontamination purposes because they preserve nutritive quality of the final products.
Numerous microorganisms and some enzymes capable of degrading, adsorbing and detoxifying
OTA are reported in literature as possible biodegrading agents (Abrunhosa et al., 2010). The
most acknowledged pathway of OTA enzymatic degradation involves the hydrolysis of the amide
bond that links the L-B-phenylalanine molecule to the OTa moiety (see figure 20). The
degradation product OTa is considered a non-toxic compound, with a 10-times shorter
elimination halflife than OTA (Készegi et al., 2016). Therefore, this mechanism can be
considered a detoxification pathway.

With respect to wine, biodegrading strategies includes the use of some lactic acid bacteria able
to efficiently adsorb OTA during wine fermentation (Del Prete et al., 2007). Several studies
showed that OTA removal in wine was also possible by using yeast strains, both dead or alive
(Scott et al., 2008; Ciconova et al., 2010; Ponsone et al., 2011; Var et al., 2011). Nevertheless,
Visconti et al., 2008 reported that the reduction by yeasts or inactivated yeasts walls caused the
loss of colour of wines and the efficacy of this treatment is low.

More recently, Solfrizzo et al., 2009, demonstrated that ochratoxin A can be effectively
removed from contaminated wine by repassage of wine over uncontaminated grape pomaces
obtained from the same or different grape varieties. The experiment was evaluated also at
industrial scale and resulted in a useful and environmentally friendly technique for wineries
located in high risk regions for OTA contamination (Solfrizzo et al., 2009; Solfrizzo et a., 2019).

In addition, experimental evidences about the efficacy of A. carbonarius in biodegrading OTA
are also found (Abrunhosa et al., 2002; Bejaoui et al., 2006). In this regard, Gallo et al., 2012,
reported that a mutant strain of A. carbonarius (AAcOTAnrps), unable to produce OTA, retained
the ability to degrade the mycotoxin into OTa, when exogenous OTA was added to the medium.

A further related study reported the identification of an aspartyl protease encoding gene
(Acapl) located downstream of the core genes involved in OTA biosynthesis in A. carbonarius.
The gene is 1367 bp long and the in silico analysis of the deduced protein sequence of 421 aa
revealed that the AcAP1 protein shows the functional structure of aspartic protease enzymes
(Bleve et al., 2017). The finding of this gene within the OTA gene cluster is promising for the
possible role of the derived protease in OTA degradation in wines due to the physicochemical
properties of these enzymes that allow them to be efficient in acid conditions such as those of

wines.
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Concurrently, from the in silico screening of the A. carbonarius genome and from the results of
transcriptomic analysis carried out on the fungus grown in different OTA producing conditions,
we selected seven protease encoding genes (from AcproA to AcproG) that were expressed at
increased level during OTA production conditions.

Based on these evidences, with the present work we aimed to evaluate i) the ability of three
mutant strains (AAcOTApks, AAcOTAnrps, AAcOTAhal) obtained from A. carbonarius to degrade
OTA into the less toxic compound OTa and ii) the expression levels of the seven proteases

encoding genes in order to establish their potential involvement in the OTA degradation process.
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Figure 20. Hydrolysis of the amide bond in OTA (1) to yield OTa (2) and phenylalanine as
considered the primary degradation/detoxification pathway for ochratoxin (Haq et al., 2016).
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2. MATERIALS AND METHODS

2.1. Fungal strains

The wild-type strain of A. carbonarius ITEM 5010 and three mutant strains - AAcOTApks,
AAcOTAnrps, AAcOTAhal - previously obtained at the Institute of Food Science Production from
ITEM 5010, were used in this study. These mutant strains were deleted for polyketide synthase
(AcOTApks), non ribosomal-peptide synthase (AcOTAnrps) and halogenase (AcOTAhal) genes
(Perrone and Gallo, 2017) of OTA biosynthesis pathway and for this reason they were unable to

produce the mycotoxin.

2.2. Growth conditions

The A. carbonarius strains were incubated into 10 mL of Basal Medium (BM, 0.01 g/L
FeSO4+TH,0, 0.5 g/L MgSO47H;0, 0.5 g/L Na,HPO4+2H,O, 1 g/L KClI, 0.3 g/L (NH4);POs,
0.2 g/L NH4NOs, 18 g/L sucrose, 1g/L glucose) in which 50 pL of exogenous OTA (3 uM) were
added after 3 days of growth. Liquid cultures and mycelia of each strain were collected after 12h
and 24h and stored at -20°C for OTA and OTa analysis and -80°C for RNA extraction,
respectively. Blank samples were also prepared with BM plus OTA and the amount was measured

at the different time points.

2.3. OTA and OTwa analysis

The supernatants of the liquid cultures of the A. carbonarius strains tested were filtered through
a 0.22 um pore filter (Sartorius AG, Goettingen, Germany) and 100 pul were injected into a
HPLC-FLD apparatus for OTA determination. Direct injection of liquid culture was possible
since no interfering peaks eluted at retention times of OTA (10 min) and OTa (8 min).

The HPLC apparatus was an Agilent 1260 Infinity system equipped with a G1312 binary
pump, a G1367E autosampler with a 100 pl loop, a G1316C column thermostat set at 30°C, and
a fluorescence detector (G1321B) (excitation wavelength, 333 nm; emission wavelength, 460 nm)
from Agilent Technologies (Waldbronn, Germany). The column used was a 150 x 4.6 mm i.d.,
5 pm, Zorbax C18, (Phenomenex, Torrance, CA, USA) with a 3 mm i.d. and a 0.45 um pore size
guard filter (Rheodyne, Cotati, CA, USA). The mobile phase was an isocratic mixture of
acetonitrile:water (45:55 v/v) containing 1% acetic acid. The flow rate of the mobile phase was 1
ml/min. The standard solutions of OTA and OTa were prepared in the mobile phase and

calibration curves were prepared in the range from 0.1 to 100 ng/ml.
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2.4. RNA extraction, cDNA synthesis and gRT-PCR

Total RNA was extracted from frozen mycelium ground in liquid nitrogen using the RNeasy
Plant Mini kit (Qiagen, Hilden, Germany), according to the manufacturer’s protocol. RNA
concentration was determined by using Nanodrop and its integrity was evaluated by doing a 1%
agarose gel. First strand cDNA was synthesized using about 3 pg of total RNA, oligo (dT)s,
random hexamers and SuperScript III Reverse Transcriptase (Invitrogen, San Diego, CA)
according to the manufacturer’s protocol.

The transcription profiles of seven genes of which three encoding for aspartyl proteases
(AcProA, AcProD, AcProE), three for serine proteases (AcProB, AcProC, AcProF), one for a
metalloprotease (AcProG) were analysed at 12 and 24h after the addition of exogenous OTA by
using real time quantitative reverse transcription-PCR (qQRT-PCR). For the amplification reaction,
a SYBR Green [ assay was performed in the 7500 Real-Time PCR System (Applied Biosystem)
with ITAQ UNIVERSYBR GREEN SMX 2500 (BioRad) with 200-250 nM of each primer pairs
for target and reference genes. The constitutively expressed B-tubulin gene served as an internal
reference to normalize target gene expression. The following amplification conditions were used:
an initial denaturation step at 95°C for 2 min, followed by 40 cycles of 10 s at 95°C. 30 s at 60°C
and 30 s at 72°C. Specificity of the PCR amplifications was confirmed by dissociation curve
analyses. The relative quantification of gene expression was established using the comparative
22T method (Livak and Schmittgen, 2001). PCR efficiency of each oligonucleotide pair was

calculated from each linear regression of standard curves.
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3. RESULTS

3.1. OTA biodegradation

The OTA biodegradation by three mutant strains of A. carbonarius (AAcOTApks, AAcOTAnrps,
AAcOTAhal), unable to produce the mycotoxin, was tested by adding exogenous OTA to the
liquid substrate after 3 days of fungal growth. The expected degrading activity was evaluated after
12 and 24h the addition of OTA. Such time points were selected based on a previous work by
Gallo et al., 2012 in which a complete OTA degradation occurred after only 2 days of incubation
in presence of exogenous OTA with concomitant early detection (after 24h) of the degradation
product OTa. These data suggested that the degradation process would have happened in the
very first days of incubation and thus gene encoding protease potentially involved in this process
are likely to be activated during this period.

In our study, the three A. carbonarius mutant strains behaved similarly with a reduction of
OTA amount of about 65% after 12h of incubation with supplemented OTA followed by a very
low decrease after 24h. In addition, a concomitant slight increase of the degradation product
OToa (<1% of the initial amount) was detected already after 12h (Figure 21). Blank samples,
represented by the substrate plus OTA, were included in this study to establish the efficacy of our
experimental activity.

In order to exclude that most of the mycotoxin would have been retained on the surface of
the fungus and that OTa would have remained entrapped, we analysed OTA and OTa contents
in the mycelium. Indeed, we found in the mycelium from 3-9% of the initial quantity of OTA
introduced in the cultures and we also observed that from 2 to 10% of produced OTa got stuck
in the mycelium (data not shown). These results suggested that most of the decrease of OTA was
due to a possible enzymatic degrading activity of the fungus.

Figure 22 shows the expression levels of seven proteases encoding genes (AcProA, AcProB,
AcProC, AcProD, AcProE, AcProF, AcProG) in AAcOTApks, AAcOTAnrps, AAcOTAhal A.
carbonarius ITEM 5010 mutant strains. Generally increased levels of transcription after the
addition of OTA were observed for some protease genes in two of the mutant strains,
AAcOTAnrps and AAcOTAhal. In particular, the genes we designated AcProA and AcProB showed
an increase of activation after 12h in AAcOTAnrps. All the genes here considered reached a higher
transcription level after 24h in AAcOTAhal with a maximum fold change detected for AcProD.

The transcripts of four of the proteases encoding genes (AcProA, AcProB, AcProC and AcProD)

and of an aspartyl protease encoding gene (Acapl), identified in a related study by Bleve et al.,
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2017, were isolated and cloned in expression vectors for the recombinant expression in Escherichia
coli. In addition, Saccharomyces cerevisiae was used as an alternative expression system for
recombinant production of aspartyl protease AcAP1. Experiments of induced protein expression
and assays to determine proteolytic activity of the recombinant proteins produced by yeast on
plate - using casein, gelatin and skimmed milk as substrates - gave positive results for some clones

showing an increased proteolytic activity (data not shown).
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Figure 21. Biodegrading activity of chratoxin A and in OTa at different time points (TO, T12h,
T24h) by A. carbonarius mutant strains AAcOTApks, AAcOTAnrps, AAcOTAhal after OTA
addition at 3d (T0=3d).
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Figure 22. Gene expression of seven proteases encoding genes at TO (white bars), T12h (light grey
bars) and T24h (dark grey bars) after OTA addition by A. carbonarius ITEM 5010 mutant strains

AAcOTApks, AAcOTAnrps, AAcOTAhal.
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4. DISCUSSION

Mycotoxin biotransformation is defined as “the degradation of mycotoxins into non-toxic
metabolites by using microorganisms or enzymes” (Boudergue et al., 2009). Biodegradation
would represent a valid alternative to the nowadays existing methods due the specific,
environmental friendly, effective approach with minor impact on the qualitative parameters of
the final product.

In our study, we investigated on the possible activation of protease encoding genes by
exploiting the already known ability of A. carbonarius to degrade OTA, as possible
decontamination strategy of wines.

Our findings confirmed the A. carbonarius ability to degrade the mycotoxin demonstrated by
a reduction of about 65% of the initial OTA amount in all mutant strains. A concomitant
increase of OTa, the OTA metabolism-deriving product, was also observed confirming that the
degradation took place. Differently from us, Gallo et al., 2012 found that OTA was completely
degraded after only 2 days of incubation with exogenous OTA and that 27% of the initial amount
was converted into OTa.

The application of fungi as detoxifying agents has been reported in literature (Abrunhosa et
al., 2010). Interestingly, among fungi, black Aspergilli have often been reported to degrade OTA.
Abrunhosa et al., 2002 evaluated the biodegradation of ochratoxin A by fungi isolated from
grapes. A total of 76 strains, of which 37 black Aspergilli (A. carbonarius, A. ellipticus, A. foetidus,
A. japonicus, A. niger), 25 other Aspergillus strains and 14 other genera, were selected among
filamentous fungi isolated from Portuguese grapes. Their results showed that the 95% of the
black Aspergilli, both non- and OTA producer, degraded more than 80% of the initial amount
of OTA and two compounds, of which one was OTa, resulted when ochratoxin A was degraded
with carboxypeptidase A suggesting a possible enzymatic action in OTA degradation.

Similarly, Bejaoui et al., 2006 evaluated the biodegradation of OTA by Aspergillus section Nigri
isolated from French grapes. During the first 3 days of incubation, A. niger degraded OTA
relatively slowly (20%) compared to A. carbonarius (55%) and A. japonicus (80%). However, after
the third day, OTA degradation by A. niger became the most rapid and reached the 99% after 5
days. By this time, A. carbonarius and A. japonicus reduced the levels of OTA by 83% and 89%,
respectively. In parallel, the amount of OTa increased until the 9" day of incubation.

With a similar adsorbing approach, bacteria, protozoa and yeasts have been also reported to

reduce the bioavailability of OTA.

106



RESULTS STUDY III

Due to the excellent OTA-detoxification performance of Trichosporon mycotoxinivorans (MTV,
115), it was made into a product named Mycofix® Plus ¥"™F by Biomin GmbH (Austria)
(Hanif et al., 2008) for application at industrial level.

In addition to these physical approaches, mainly based on the adsorption of the mycotoxin,
several enzymes have been reported to degrade OTA.

The principal pathway by which enzymes should degrade OTA, involves the hydrolysis of the
amide bond that links the L-P-phenylalanine to the dihydroisocumarine molecule, OTa
(Abrunhosa et al., 2010). Since OTa is reported to be a less toxic compound than OTA (Harwig,
1974), studies have been done on the possible application of enzymes to decontaminate food
products by OTA.

Numerous proteolytic enzymes have been claimed to be able to degrade OTA. Two classes of
carboxypeptidases (EC 3.4) have been associated with OTA degradation: carboxypeptidase A
(CPA) (EC 3.4.17.1) (Pitout et al., 1969) and carboxypeptidase Y (CPY) (EC 3.4.16.1) (Abrunhosa
et al., 2010). The first, isolated from bovine pancreas, was able to perform the degrading reaction
with a Km value of 1.5 x 10" M at 25°C. The second, isolated from Saccharomyces cerevisiae, was
demonstrated to hydrolyze OTA with optimum at pH 5.6 and 37°C. However, the hydrolysis
reaction was very slow. In fact, after 5 days of incubation, CPY converted 52% of the OTA present
in the reaction assay into OTa. This activity is sufficient to reduce significantly levels of OTA
during wine fermentation since these processes take several days to complete. Hence, a
biodegradation pathway is possible for S. cerevisiae in addition to the OTA adsorption
phenomenon.

Furthermore, a screening study which included several commercial hydrolases, verified that a
crude lipase product from A. niger was able to hydrolyze OTA via the amide bond (Stander et al.,
2000). Several commercial proteases were also reported to hydrolyze OTA to OTa, such as
Protease A from A. niger and pancreatin from porcine pancreas. These enzymes showed a
significant hydrolytic activity at pH 7.5, which resulted in the cleavage of 87.3% and 43.4% of
Iug-mL ™" of OTA respectively, after 25 h of incubation (Abrunhosa et al., 2006).

In our study, we aimed to identify some protease encoding genes that could have been
activated during OTA degradation and suitable for wine detoxification since the aforementioned
enzymes are not efficient at low pH. In this regard, our attention was mainly focused on the

identification of genes encoding for aspartyl proteases which are known to exhibit their catalytic
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activity in acid conditions. Increased levels of some of the proteases encoding genes suggested
that a possible enzymatic mechanism could be involved in OTA biodegradation by A. carbonarius.

Although enzymes for decontamination purposes seems to be a promising strategy, due to the
compliance of several mandatory requirements of safety, effectiveness, low cost of production and
purification, their application is limited. Indeed, the European Commission admit the use of
enzymes in food “to perform a technological function in the manufacture, processing,
preparation, treatments, packaging, transport or storage of such food”. Only recently,
acceptability criteria for detoxification treatments, including biotransformation, have been set for
commodities intended for animal nutrition (Commission Regulation 2015/786/EU).

Thus, the application of enzymes intended for detoxification is still challenging as it must
overcome the gap of knowledge related to the effect that these enzymes exert on the nutritional
and organoleptic qualities as well fill the legislative void existing so far on their application as

detoxifying agents in foods.
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CONCLUSIONS

e OTA RISK IN RELATION TO CLIMATE CHANGE

The in vitro effect of interacting climate change (CC) factors was investigated for the first time
on the ecophysiological behaviour of A. carbonarius in order to estimate the possible impact that
projected changes may have in the wine production chain.

The main results obtained within this activity led to the following conclusions:

- A possible increase of temperature from 18/31°C to 20/37°C, likely to happen in
an area at high risk of OTA contamination, may be associated to a reduction of both A.
carbonarius spoilage and OTA production (Study I);

- A possible rise of temperature to 18/34°C, likely to happen in currently low risk
areas, may be associated to an increase OTA production (Study I, Addendum);

- Elevated CO; air concentration (1000 ppm) under different fluxes of day/night
temperatures (15/28°C vs 18/34°C), representative of an area not particularly susceptible
to OTA contamination, may result in an increase of colonization rate by A. carbonarius
and phenotypic OTA production (Study II);

- The experimental approach comprehensive of the molecular support not only
strengthened the chemical results but also provided new important evidences about the

molecular ecology of A. carbonarius under the prospected climate change scenario.

Although restricted to an in vitro system this type of data provided new relevant evidences that
could be used for the development of predictive models to estimate the potential impact and
possible increase in risks of OTA contamination of grapes and grape by-products in areas already

identified as hot spots for CC impacts in the Mediterranean region.
e NEW STRATEGIES FOR REDUCING OTA CONTAMINATION

The OTA enzymatic biodegradation by proteolytic enzymes able to hydrolyse its amide bond
can be considered as a detoxification method since OTa and L-phenylalanine are considered as
less and non-toxic, respectively. The identification in the genome of A. carbonarius of genes
encoding for proteolytic enzymes, among which a gene encoding for an aspartyl protease within

the OTA cluster, resulted to be promising for this scope.
Results of Study III led us to conclude that:

- A carbonarius is able to degrade OTA as demonstrated by the reduction of

exogenous OTA and concomitant production of OTa;
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- The mechanism by which the biodegradation happens may involve proteolytic
enzymes as shown by the increased levels of some protease encoding genes during OTA

degradation.

In the attempt to identify and characterize a protease suitable for OTA detoxification in

wines, further experiments of cloning and proteolytic assays have been performed.
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