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M YCOBIOTA AND AFLATOXIGENIC PROFILE OF PORTUGUESE ALMONDS AND CHESTNUTS
FROM PRODUCTION TO COMMERCIALISATION

ABSTRACT

Aflatoxin (AF) contamination of nuts is an increagiconcern to the consumer’s health. Portugal is
a big producer of almonds and chestnuts, but tisere scientific knowledge on the safety of those
nuts. AFs B, B,, G, and G are produced mainly by some speciesAepergillusbelonging to
sectionFlavi, which is composed of a large number of very dioselated species. While these
species are difficult to differentiate morpholodigaand even genetically, they differ in a
characteristic that is of paramount importanceféod safety, as only some are responsible for the
production of the highly toxigenic AFs. Taxonomydaspecies identification are therefore subject
of great interest, and the establishment of schefoesspecies and for aflatoxigenic strains
identification that are simultaneously accuratesgee, robust and expedite is mandatory.

This work had three major goals: the first was tovgle knowledge on the general mycobiota,
aflatoxigenic fungi and AF contamination of Portega almonds and chestnuts, and its evolution
throughout the various stages of production (fislthrage and processing). For this matter, 45
chestnut samples were collected from orchards ffofis-os-Montes. Forty-seven almond samples
were collected in Tras-os-Montes at different stageproduction: field, storage and processing.
All fungi belonging to genu#spergilluswere isolated and identified to the section leaeld all
isolates belonging to sectioRlavi were further tested for their aflatoxigenic alilitFungi
representative of other genera were identifiecheodenus level. Almond samples were tested for
AF contamination.

The mycobiota of almonds and chestnut was foundaty in terms of both matrix and stage of
production. Chestnuts were mainly contaminated whb generaFusarium Cladosporium
Alternaria and Penicillium and the genugéspergilluswas only rarely found, whereas almonds
were more contaminated witAspergillus No Aspergillus section Flavi were isolated from
chestnuts. In almondgusarium Cladosporium Alternaria and Penicillium decreased from field

to the end of processing, wherasspergillusincreased significantly, including those from gatt
Flavi. In total, 352 fungi belonging to sectiditavi were isolated from Portuguese almonds, of
which 231 isolates (66%) were aflatoxigenic. Evenanly one sample from storage was found to
be contaminated with AFs (4.97 pg/kg) at a levéblwethe maximum levels recently imposed by
the Commission Regulation (EU) No 165/2010.

The second goal of this work was to characterigkidantify the isolates ofA\spergillussection
Flavi by applying a polyphasic approach including claggienotypic and molecular methods as
well as the innovative technology protein spectrahalysis Matrix-Assisted Laser
Desorption/lonisation-Time of Flight Intact-Cell & Spectrometry (MALDI-TOF ICMS), and to
devise accurate and sensitive schemes for spetesfication. For the morphological analysis,
fungi were cultured on different media and wererabierised for several macro and micro
morphological features. Morphological analysis veasnplemented with biochemical analyses,
which consisted of determining the extrolite presilrelative to AFs and cyclopiazonic acid. A
group of selected isolates was identified moledylaased on the sequencing of the ITS region and
partial calmodulin gene. Spectral analysis was niad®ALDI-TOF ICMS to obtain spectra of
protein masses. Dendrograms of relatedness weaebtfor each set of data and used to compare
sensitivity and accurateness of the different apgies.

From the preliminary morphological analysis, thraerphotypes were identified: ag\. flavus
morphotype” (36.4% of the isolates)A.” parasiticusmorphotype” (55.4%), andA. tamarii
morphotype” (8.2%). The 3 morphotypes were thendéw into 9 phenotypes based on their
extrolite profile. Genotypic and spectral analysesstered the selected isolates into the same 3
groups created by morphological analysis. Furtheemaall sets of data, including the
morphological complemented with extrolite profilgere able to further resolve the isolates into




more restrictive clusters. They all positioned widhe 9 phenotypes in two unidentified terminal
clades closely related . parasiticus

The third goal was to test a molecular method basechultiplex PCR and RT-PCR for the ability
to differentiate aflatoxigenic and non-aflatoxigensolates. Two genes of the AF biosynthetic
pathway,aflD (= norl) andaflQ (= ord1= ordA), were tested for presence and expression (by PCR
and RT-PCR, respectively). The presence of botlegeid not correlate with aflatoxigenicity. In
terms of gene expressioaf|D was not considered a good marker for differemgataflatoxigenic
from non-aflatoxigenic isolates, baflQ showed a good correlation between expression d&hd A
production ability.

In conclusion, Portuguese almonds and chestnuts seebe generally safe in terms of AF
contamination. Nevertheless, the majority of tlwates ofAspergillussectionFlavi obtained from
Portuguese almonds was found to be aflatoxigeniiclwmay constitute a problem in terms of
food safety if storage and processing conditiorsrant effectively controlled. At present, these
conditions seem to be guaranteed, since only oneral sample was found to be contaminated. At
the species identification level, good agreemerd wlatained between the 3 methods of analysis
since they all generated similar dendrograms wiihcordant strain clustering. Morphological
analysis has shown sensitive and reliable as arpnalry method for species identification only
when complemented with the extrolite profile. Tlaneodulin gene showed to be more robust and
reliable as genomic marker for this group of futigan the ITS region, providing good DNA
barcoding potential. MALDI-TOF ICMS results confiech that this technique is highly reliable for
fungal identification, and is faster and less exgpenin terms of labour and consumables when
compared with other biological techniques, whicheg&sential whenever there is a paucity of
characters for defining many fungal species andmwhigh numbers of isolates are involved.
Expression analysis of thaflQ gene seems to be a good method for the diffetentiaof
aflatoxigenic and non-aflatoxigenic isolates.
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M ICOBIOTA E PERFIL AFLATOXIGENICO DE AMENDOAS E CASTANHAS PORTU GUESAS
DA PRODUCAO A COMERCIALIZACAO

SUMARIO

A contaminacdo com aflatoxinas (AFs) dos frutoscdsca rija € um problema com interesse
crescente no que respeita a salde do consumidmstAnha e a améndoa sao produtos agricolas
de elevado interesse economico para Portugal, tentenndo existe conhecimento cientifico
gquanto a sua seguranca em termos de AFs. As AR, B5, e G sdo micotoxinas de elevado grau
toxigénico, e sdo produzidas por algumas espéeiéspergillusseccad-lavi. Esta seccao integra
um elevado numero de espécies muito proximas, twmtavel morfolégico como molecular, mas
gue diferem numa caracteristica de elevado intengss a seguranga alimentar - a sua capacidade
para produzir AFs. Por esta razdo, a taxonomiamifttacio de espécies desta seccao revestem-se
de grande interesse, pelo que o estabelecimenasgigemas de identificacdo simultaneamente
precisos, sensiveis, robustos e expeditos é ingmerio

O presente trabalho teve trés objectivos princigaiprimeiro objectivo foi obter informacgéo sobre
a incidéncia de fungos filamentosos, com particueidéncia sobre os fungos produtores de AFs,
e sobre a contaminagdo com AFs das améndoas el@staortuguesas, e sua evolugdo ao longo
das varias fases de producdo. Neste sentido, fanalisadas 45 amostras de castanha colhidas em
soutos de Tras-os-Montes e 47 amostras de amémddsad-os-Montes e Algarve colhidas em
diferentes fases de producdo (campo, armazenaneemcessamento). Todos os fungos do
géneroAspergillusforam isolados e identificados até a seccgéo, estad fungos pertencentes a
seccaoFlavi foram identificados até a espécie e caracterizagleento a sua capacidade
aflatoxigénica. Fungos representativos de outragms foram identificados apenas até ao género.
As amostras de améndoa foram ainda analisadasog@i@ontaminagdo com AFs. A micobiota das
améndoas e castanhas variou em termos de mateifasel de producdo. As castanhas mostraram
contaminacdo dominada pelos géndrosarium CladosporiumAlternaria e Penicillium, sendo o
géneroAspergillusencontrado com pouca frequéncia, enquanto nasdmagm génerdspergillus

foi detectado com elevada incidéncia. N&o foi idolgualquer fungo da seccBlavi de castanhas.
Nas améndoas, os génerésisarium Cladosporium Alternaria e Penicillium diminuiram
progressivamente desde o campo até ao final doegsamento, enquanto a incidéncia de
Aspergillus incluindo a seccablavi, aumentou. No total das amostras de améndoa fisatos

352 fungos pertencentes a secEfawvi, dos quais 66% eram aflatoxigénicos. No entargenas

foi identificada uma amostra contaminada com nidsgtectaveis de AFs (4,97 pg/kg), mas
inferiores aos niveis maximos impostos pelo Regetdam (CE) N° 165/2010 da Comisséo
Europeia.

O segundo objectivo do presente trabalho foi caraetr e identificar os isolamentos de
Aspergillusseccad-lavi através de uma abordagem polifasica incluindoacterizacéo fenotipica
classica e molecular, assim como a inovadora tegi@be anlise espectral de proteilfizdrix-
Assisted Laser Desorption/lonisation-Time of Fligitact-Cell Mass Spectromet(MALDI-TOF
ICMS), e delinear esquemas robustos e simultandansensiveis de identificacdo de espécies. A
analise macro e micromorfolégica em diferentes w@a$ de cultura foi complementada com a
analise de extrélitos, nomeadamente AFs e acidapiazonico (CPA). Um grupo de 24 fungos foi
identificado molecularmente pela analise de seqagma regido ITS e do gene da calmodulina. A
analise espectral por MALDI-TOF ICMS foi aplicadé%fungos. Foi construido um dendrograma
de similaridade para cada um dos grupos de dadssesultados foram comparados em termos de
precisdo, robustez e sensibilidade.

Na analise morfolégica preliminar foram identificad trés morfotipos distintos designados
“morfotipo A. flavus (36,4% dos isolamentos), “morfotip®. parasiticus (55,4%), e “morfotipo

A. tamarii’ (8,2%). Estes morfotipos foram posteriormentddidos em nove fendtipos, com base
no seu perfil de extrélitos. As analises genotipécaespectral criaram trés grupos (clades)




correspondentes aos obtidos na andlise morfol@ipasicionaram dois dos nove fenétipos em
clades terminais relativostaxanéo identificados.

O terceiro objectivo deste trabalho foi testar udtodo baseado em PCR multiplex e RT-PCR
para diferenciac@o de estirpes aflatoxigénicasoeafiatoxigénicas. Para tal, foram seleccionados
dois genes da cadeia biossintética das AfB, (= norl) e aflQ (= ord1= ordA), para 0s quais a
presenca e expressao foram testadas por PCR e RTr$pectivamente. A presenca de ambos os
genes nédo se correlacionou com a capacidade aflétosa dos individuos testados. Em termos de
expressdo, apenas o gea®Q mostrou boa correlagdo com a producdo de AFsoteimb
considerado um bom marcador molecular da capacaftatexigénica.

Em concluséo, as castanhas e améndoas com origghorengal parecem possuir boa qualidade
em termos de contaminagdo com AFs. No entantoj@&imaos isolamentos despergillusseccéo
Flavi provou ser aflatoxigénica, o que pode constitmirproblema de seguranca alimentar para as
améndoas, caso as condicbes de armazenamento esgamento ndo sejam devidamente
controladas.

Em termos de identificacdo de espécies, foi obtinonivel de concordancia elevado entre as
diferentes abordagens usadas. A analise morfoldgisarou-se um método fidvel e sensivel para
identificacdo preliminar dos isolamentos apenasoseplementada com a andlise de extrdlitos. O
gene da calmodulina mostrou-se mais robusto evetrgl que a regido ITS, demonstrando maior
potencial como marcador molecular. Os resultadéislax por MALDI-TOF ICMS confirmaram
gue esta técnica é altamente fidvel na identificag@ Aspergillus seccaoFlavi, tendo como
principal vantagem o facto de ser significativareantenos dispendioso, tanto em termos de tempo
como de consumiveis, quando comparado com as testanetodologias. Esta técnica reveste-se
de elevada importancia nos casos em que estaovalsinumerosos espécimens com elevada
proximidade taxonémica.

Relativamente & diferenciacdo de isolamentos aftptaicos e ndo-aflatoxigénicos, a analise da
expressdo do gereflQ sob condi¢des indutoras da producédo de Afestrou ser um método
fidvel.

PALAVRAS -CHAVE

Améndoas, castanhas, aflatoxinas, fungos aflatoikigé,Aspergillusseccad-lavi,
MALDI-TOF ICMS.
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THESIS STRUCTURE

This thesis is structured in 7 Chapters:

Chapter 1 introduces general aspects such as the backgemuh&cope of this work, as
well as the motivation which led to the proposathedf theme, and attempts to integrate the
various aspects developed throughout the thesig dimpter is completed by the
presentation of the aims of the work.

Chapter 2 is a Literature Review which aims at introducihg theoretical fundamentals
and state of the art of the aspects more direethted to the theme. The span of the thesis
is revealed in this chapter, where three major #®ncorresponding to the three major
goals of the work, are exposed: i) the fungal angtatoxin contamination of food
commodities, with special emphasis @fs and aflatoxigenic fungi on nuts; ii) the
molecular aspects of aflatoxiproduction and the ways of efficiently differeninaf
potentially hazardous fungi within sectidflavi; and iii) the taxonomy ofAspergillus
sectionFlavi, to which the most significant aflatoxigenic furlgglong, with focus on the
various taxonomic problems and approaches usdddmate them.

Chapter 3 describes the materials and methods used to petfus work. This chapter is
divided in sections corresponding to the three mtjemes previously exposed: methods
for the characterisation of mycobiota afds of almonds and chestnuts are addressed in
section 1; methods used in the process of diffextangy aflatoxigenic from non-
aflatoxigenic fungi are described in section 2; aredtion 3 describes the methods for the
characterisation and identification of isolated\spergillussectionFlavi.

Chapter 4 presents the main results obtained in the vargtages of the work and the
subsequent analysis, arChapter 5 discusses those results. Both these chapters are
divided in the same three sections described fap@n 3.

Chapter 6 summarises the main conclusions withdrawn from wuek, and exposes
perspectives and suggestions for future work.

Chapter 7 encloses the references used to support the study.

As a supplement to the body of the work, 3 appersdgive additional information.
Appendix 1 shows the details on the statistical analy&gpendix 2 lists all Aspergillus

sectionFlavi isolates used in this study, with a fully detailest of the corresponding

vii



characteristics.Appendix 3 includes molecular dendrograms that complement and
reinforce those presented in the text.
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Chapter 1 General Introduction

1.1 Framework

Since the discovery of aflatoxins in the 1960’s aubsequent recognition that
mycotoxins are of significant health concern tohbbtimans and animals, interest was
gradually developed for mycotoxins in various foeasl feed. In the last years, concerted
attempts have been made to examine the level adconation of foods and the potential
for effective control of mycotoxins from enteringet human and animal food chain,
especially in cereals, nuts and wine. Because adingy the occurrence of mycotoxins in
finished products is practically impossible, regoitg bodies are continuously assessing
the occurrence of mycotoxins throughout the varstages of production, from the farm to
the fork. This type of information is important fdre development of Decision Support
Systems for predicting the level of risk in a pautar product of a particular geographic
origin, and the data obtained are used for thebbksienent of regulatory levels and of
control schemes at import.

So, information on the key components of fungal angotoxin contamination in
the food commodities is mandatory for the variotagyss of production. Because fungal
contamination and mycotoxin production vary greatith the environmental conditions in
which they develop, pre-harvest conditions, post#st storage, transport and processing
are all important stages in the food chain whicadh® be monitored. The knowledge on
the fungal population incidence and diversity amdtleeir mycotoxigenic potential is an
indication of what the safety of the products might given different production, storage
and processing conditions.

Aflatoxins are a group of mutagenic, teratogenicd atmmunosuppressive
mycotoxins that include the most widely studiecifkins B, B,, G, and G. Aflatoxin B,
is considered the most carcinogenic compounds aiftyproduced. These mycotoxins are
produced as secondary metabolites mostly by soneeiesp belonging tcAspergillus
section Flavi when growing on a variety of food products. Tragsnare among the
commodities with moderate to high risk of aflatoxoontamination, since they are
generally produced under environmental conditiohglwalso favour aflatoxigenic fungal

growth and toxin production.
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Within the genugAspergillus sectionFlavi is one of the most significant, and is one
of the best studied among fungi. This section imposed of a large number of very
closely related species and is usually dividedno groups of species. One includes the
aflatoxigenic specieA. flavus A. parasiticusandA. nomiuswhich cause serious problems
in agricultural commodities, and the other one udels the non-aflatoxigenic speci&s
oryzae A. sojaeandA. tamarii traditionally used for production of fermenteads. Even
though these species differ so greatly on theirsyhggical abilities, they are difficult to
differentiate morphologically and even geneticalps a consequence, taxonomy and
species identification have been subject of gretatreést for scientists aiming to clarify the
species concept and limits within the section.

The establishment of schemes for species identditaand for the rapid
differentiation of aflatoxigenic and non-aflatoxige strains that are simultaneously
accurate, sensitive, robust and expedite is mandafd present, reliable identification
schemes of sectioRlavi typically imply the analysis of a wide variety wforphological,
biochemical and molecular traits. But none of thethnds alone has been accepted as
flawless in recognising species and, as a resalyppasic approaches are progressively
given more emphasis in taxonomic decision-makingceRtly, Matrix-Assisted Laser
Desorption/lonisation Time-Of-Flight Intact Cell B& Spectrometry (MALDI-TOF
ICMS) has been used to generate spectra of protagses which result in a taxon specific
fingerprint. This technique has already shown hpgitentialities to discriminate very
closely related taxa, but has rarely been usedngdl species identification, either on its

one or as part of a polyphasic scheme of identiboa

1.2 Motivation

Almonds and chestnuts are of great economic anidlsogpact in Portugal, as they
constitute the main income of rural populationseeggly from the portuguese northeast.
Portugal has a typical Mediterranean climate, gahecharacterised by long periods of
high temperatures and moderate to scarce raindthonds are extremely dry nuts
produced under highly stressfull environmental ¢omaks, in regions where the maturation
and harvest period corresponds to a hot and dryr&rnOn the other hand, chestnuts are
produced under more cold and humid conditions. Usdeh conditions, tree nuts, and
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mostly almonds, are known to be targets of infectar a variety of fungi that can induce
spoilage or produce toxic metabolites, and theyehaeen associated with aflatoxigenic
fungi and aflatoxin contamination more than withetknown mycotoxins. However, and
contrasting to what happens for other producinghtraes, there is no scientific knowledge
on the fungal incidence and aflatoxigenic safetyut originating from Portugal.

The intention of this work was thus to gather infation on the mycobiota
associated with Portuguese almonds and chestrustfre field to the end of processing,
as well as on the environmental and processingitonsl. By collating the different sets
of information, we intended to determine the reaMeell as the potential mycotoxigenic
profile of those commodities, especially in whahcerns aflatoxins.

The work plan also included the development of &gk which could easily and
consistently differentiate aflatoxigenic from noilatoxigenic strains ofAspergillus
section Flavi. The first approach was to characterise all thaaiss belonging to
Aspergillus sectionFlavi in terms of morphology and extrolite profile (inding their
aflatoxigenic ability), and from thereafter try ibentify them to the species level. But, as
more and more isolates were being obtained, we werdronted with the extreme
difficulty of identifying them to the species levbhsed solely on classic phenotypic
features. At the same time, the Micoteca da Unigade do Minho (MUM) acquired the
knowledge and the technology of identifying micrgemisms by MALDI-TOF MS. This
technology had already been vastly and succességplied to the identification and
characterisation of bacteria, but its applicatiorfungi was still insipid. Since we had, at
this time point of the work, gathered a significanmber of sectioflavi isolates and they
were well characterised at the classic phenotyiel] the work was thereafter directed to
assess the ability and reliability of MALDI-TOF Mf®r the identification of closely
related isolates of sectidflavi as well as for the differentiation of aflatoxiger@nd non-
aflatoxigenic isolates.
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1.3 Aims of the Work

The work developed under the frame of this Theatsthree major goals:

i) To provide knowledge on the general mycobiota,tafigenic fungi and aflatoxin
contamination of Portuguese almonds and chestantspn its evolution throughout
the various stages of production (field, storage piocessing).

i) To test methods capable of differentiating aflagexic from non-aflatoxigenic
isolates ofAspergillussectionFlavi.

i) To characterise and identify the isolatesAgspergillussectionFlavi by applying a
polyphasic approach including classic phenotypit mlecular methods as well as
the innovative technology of protein spectral as@lyMatrix-Assisted Laser
Desorption/lonisation-Time of Flight Intact-Cell & Spectrometry (MALDI-TOF
ICMS), and to devise accurate and sensitive schémnapecies identification.
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2.1 Mycobiota and mycotoxins of almonds and chestnuts

2.1.1 General mycology and mycotoxicology of foods

Foods, whether they are raw or processed, are lyst@itaminated with fungal
spores or even mycelium fragments from the enviemmAs a result of their growth,
several kinds of food spoilage may develop: offdlars, toxin, decolorisation, rotting,
loss of nutritional quality, and formation of pagfemic or allergenic propagules.

In fungi, as in all eukaryotes, essential metabslire produced from intermediate
metabolic pathways like glycolysis and the citratdacycle. Secondary metabolism, on the
other hand, removes products from intermediate loéta pathways when growth is
temporarily restricted, which are then directedhighly specific biosynthetic pathways.
One of the most important groups of such metal®lise mycotoxins. Mycotoxins are
generally defined as low-molecular-weight naturabducts produced as secondary
metabolites by filamentous microfungi, which arexito to vertebrates in low
concentrations (Bennett & Klich, 2003; Paterson &n&, 2010). These metabolites
constitute a chemically, as well as toxigenicatlgierogeneous assemblage produced by a
wide variety of fungi from different precursors apdthways, being that these are often
specific for individual genera, species, or evenigs (Frisvad, 1989). It is not clear what
the role of these metabolites is in nature. In ganéhe most commonly accepted idea is
that mycotoxin-producing fungi are better protecsgmhinst other organisms sharing the
same trophic niche, but other theories have beesedaSeveral studies (reviewed in
Reverberi et al.,, 2010) have implied the biosynthe$ mycotoxins in fungal protection
against oxidative stress and insect mycophagy,edisas on the reduction of host chemical
defences against fungal attack.

Mycotoxins have long been associated with food eondion, but the term
mycotoxin was only coined in 1962 after a huge [owb in England, in which
approximately 100,000 turkeys died. This mysteritwkey X disease, as it was then
called, was later linked to a peanut meal contatathavith secondary metabolites from
Aspergillus flavus- the aflatoxins (van der Zieden et al., 1962) Tycotoxin term was
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then extended to a number of previously known fungens (e.g. the ergot alkaloids),
some compounds that had originally been isolatecragiotics (e.g. patulin), and a
number of new secondary metabolites revealed gessrtargeted at mycotoxin discovery
(e.g. ochratoxin A - OTA) (Bennett & Klich, 2003).

Depending on the definition used, and recognisirad most fungal toxins occur in
families of chemically related metabolites, hundredl compounds are now recognised as
mycotoxins, of which only a reduced number regyladceives attention as threats to
human and animal health (Paterson & Lima, 2010% A&ve been the most widely studied
mycotoxins, but fumonisins, OTA, patulin, zearaleeptrichothecenes and citrinin have
been subject of increased interest in the lastsyear

Mycotoxins occur mostly in temperate and tropieions of the world, depending
on the fungal species. Major food commodities aéfécare cereals, nuts, dried fruit,
coffee, cocoa, spices, oil seeds, dried peas, baatdleshy fruits, particularly apples.
Mycotoxins may also be found in fruit juices, beerd wine resulting from the use of
contaminated cereals and fruits in their productibmey can also enter the human food
chain via meat or other animal products such as,egik and cheese as the result of
livestock eating contaminated feed (CAST, 2003teRlborg et al., 2004; Venancio &
Paterson, 2007; Reddy et al., 2009).

Mycotoxins are produced by an array of diverse &lrgpecies that are generally
saprophytic and opportunistic, weak pathogens. Mafsthe mycotoxins which are
considered important food contaminants are prodpcedarily by three genera of fungi,
namely Aspergillus Penicillium and Fusarium (CAST, 2003; Filtenborg et al., 2004;
Frisvad & Thrane, 2004; Venancio & Paterson, 20Réddy et al., 2009; Paterson &
Lima, 2010). The genu8spergillusrepresents a large group of fungi that occupieyg ve
diverse ecological niches. Although members ar&ibliged worldwide Aspergillusspp.
appear most abundant between latitudes 26° to @ or south of the equator (Klich,
2002b). Thus, these fungi are more common in splaaband warm temperate climates.
Generally regarded as saprophyt&spergillusspp. grow on a large number of substrates
and are very important in nutrient cycling. Thebilidy to thrive in high temperatures and
with relatively low available water makes them walited to colonise a number of grain
and nut crops. Mycotoxins associated witspergillusspecies include AFs, ochratoxins,

versicolorins, sterigmatocystin, gliotoxin, citmmpi CPA, patulin, citreoviridin,
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cyclopiazonic acid, penicillic acid and tremorgemgcotoxins (CAST, 2003; Frisvad &
Thrane, 2004). More recently, fumonisins have bagded to this group after they have
been confirmed to be produced AgpergillussectionNigri (Nielsen et al., 2009).

Members of the genuBenicillium generally grow and can produce mycotoxins over
a wider range of temperatures than those of thegy&spergillus but are not generally as
adapted to hot and dry conditions, being more aanmith temperate climates. Some of the
most important secondary metabolites produced esetfiungi are common fspergillus
OTA, citrinin, patulin, penicillic acid, penitrem,A&yclopiazonic acid.

Fusariumis a large complex genus with species adaptediiml@ range of habitats.
They are worldwide in distribution and many are artpnt plant pathogens. However,
many species are soil borne and exist as sapraphamel few are significant mycotoxin
producers. Some of the most important mycotoxiteted to this genus are trichothecenes,
zearalenone and fumonisins.

There is a vast literature on fungi and mycotoxaasociated with different types of
foods and food commodities, and numerous reviews baen published (e.g. Moss, 1998;
Bennett & Klich, 2003; CAST, 2003; Magan, 2006; My et al., 2006; Do & Choi,
2007; Venancio & Paterson, 2007). The present watkbe focusing on the study of
mycobiota and mycotoxins in Portuguese almonds crestnuts, with special focus on
contamination by aflatoxigenic fungi and AFs.

2.1.2 Ecophysiology of foodborne fungi and mycotoxin prodction

Despite all efforts to control fungal contaminatieoxigenic fungi are ubiquitous in
nature and occur regularly in worldwide fosdpplies. Fungal growth and mycotoxin
production only occur under favourable conditiomkjch vary for each species depending
on adaptability. Food intrinsic parameters assedi&b extrinsic factors are responsible for
the spectrum of contaminating and dominating myatabi This is mostly related to the
physiology of fungi and their adaptation to thefelént matrices and environmental
conditions. Filtenborg et al. (2004) refer thatmally less than 10 species are present in a
given food commaodity, and only 1 to 3 dominate arelresponsible for spoilage. Before a
contaminated sample is analysed for mycotoxinsjsitimportant to know which

mycotoxins are likely to be present. Since the patidn of mycotoxins is often species
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specific, the knowledge of which mycotoxins areslikto be present can be achieved by an
accurate identification of the contaminating fungi.

Knowledge on food intrinsic and extrinsic param&tand on the ecophysiological
characteristics of fungi complemented with evideocdghe composition and succession of
the mycobiota in commodities throughout productobrain is an important step towards
the prediction of possible mycotoxin contaminatidrhe most important factors that
influence growth and mycotoxin production are eowmental temperature, substrate
water activity (g), relative humidity, gas composition, substratenposition, inoculum
concentrations, microbial interactions and mechanie insect damage (Gqgaleni et al.,
1997; Guynot et al., 2003; Giorni et al., 2008).phrticular, it is the interaction between
some or all of these factors that determines winettentamination increases and
mycotoxins are produced. Interactions between abigl water and temperature are
fundamental because they represent the two-dimegisniche in which fungi may be able
to germinate, grow and actively compete for thedadtion of the available resources
(Marin et al., 1998; Samapundo et al., 2007a, 2DA7is also generally well agreed that,
in contrast to bacterial growthyas the most significant factor controlling funggowth
(Sautour et al., 2002; Samapundo et al., 2007b).

Fungi contaminating food commodities are traditiyndivided into two groups,
field fungi and storage fungi. Field fungi are wally those that can grow at moisture
contents in equilibrium with relative humidity o® 7o 90% and temperatures around 20 to
25 °C. These fungi usually requirg & 0.85 for active growth, and grow optimally @ a
near 0.99Alternaria, CladosporiumFusarium andHelminthosporiurare all traditionally
classified as field fungi. On the other hand, geréungi are generally adapted to lower
humidity levels and higher temperatures. Fungi AlspergillusandPenicillium are major
representatives of this group. The minimal necegssay for most Aspergillus and
Penicillium species is 0.75-0.85, and they generally grownugdty at g 0.93-0.98.
Aspergillusrequires @ as low as 0.73 for active growth, wherdzanicillium needs at
least 0.78-0.80 (Rosso & Robinson, 2001; Filtenbetgal., 2004; Magan, 2006).
Furthermore Aspergillusspp. are generally more adapted to temperature30-@f0 °C,
whereadPenicilliumspp grow optimally at 25-30 °C (Filtenborg et 2004).

The classification as field or storage fungi harbdased on studies done in

temperate climates (Christensen, 1974; in CAST 3R20Bowever, under warm, humid
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subtropical or tropical climates — or even in tenape climates in which the growing
season is unusually hot and dry — specieasgfergillusandPenicillium can infect seeds
early in the field. Perhaps the best example gbexigs that can infect seeds both in the
field and in storage ig\. flavus In temperate climates, the fungus is predomigaatl
storage fungus, but in some regions of the worlingr and nuts are more likely to be
colonised during pre-harvest than in storage. Mgpgcies ofusarium as well as some
species oPenicillium also infect grain in the field as well as in sige.

As a consequence of the different ecophysiologackptation of fungi, mycobiota
naturally contaminating food commaodities followsypical succession since the early days
of development in the field until the end of st@agusarium Cladosporiumand
Alternaria are typically the predominant field contaminarded they establish before
harvest, andPenicillium and Aspergillustend to predominate during storage. In fact, it is
not uncommon to find studies reporting high freques of Fusariumisolation in field
samples, and a trend toward its decrease duringqggoaccompanied by the gradual
increase in frequencies #kpergillusandPenicillium (e.g. da Silva et al., 2000; Adebajo
& Popoola, 2003; Atehnkeng et al., 2008; Nakailet2®08; Sanchez-Hervas et al., 2008).
In dry products (@ = 0.65-0.75), only extreme xerophilic filamentofisagi like A.
restrictusandEurotiumspecies are able to grow (Filtenborg et al., 2004)

Because few fungi grow atya< 0.70, fungal growth can be prevented by drying
agricultural products toyabelow 0.65 and keeping it under this level. Howeviethe
moisture of the stored product increases due taofi@l or insect activity, moisture
migration or increase in environmental relative Idity, other fungal species besides
extreme xerophiles begin to grow. For example, gnoof A. restrictusbegins at @ of
0.70 or slightly higher, theEurotium group begins ata 0.80 to 0.85, and many
PenicilliumandAspergillusspecies begin to grow at,@above 0.85A. flavus for example,
dominates ata of 0.94, andA. ochraceugndA. nigerare dominant atyaof 0.98 (Marin
et al., 1998).

13
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2.1.3 Almonds and chestnuts in Portugal and in the World

2.1.3.1 Almonds

Almond tree,Prunus dulcigMiller) D.A. Webb, synonynAmygdalus communis,
is a cultivated tree originating from wild treesrr Central Asia, which is currently
dispersed throughout the world. The almond treadepted to dry and hot climates, and
that is the reason why it is mainly establishetMiditerranean countries (Portugal, Spain,
Italy, France) and others with similar climatic cheteristics, like USA (specifically
California), Australia, South Africa, Chile and Asmgfina (Monteiro et al., 2003).

The almond is not a true nut, but a drupe, whiamsiis of an outer dehiscent hull
(exocarp) and a hard shell (endocarp) with theledibed (kernel) inside, involved by a
brown seed coat (Monteiro et al., 2003). The almikewhel is a very nutritious seed, with
extremely low water content (4 to 6%), and highelsvof protein (18%), fat (54%) and
carbohydrates (20%) (Wareing et al., 2000). Faterdnis almost exclusively constituted
by unsaturated fatty acids (Sathe et al., 2008ik@&elal., 2010), and the most important
sugars are saccharose and raffinose (Barreira,2Cdl0). It is also rich in a wide variety
of minerals like calcium, potassium, iron and phasps (Wareing et al., 2000).

The almond is harvested when it reaches complsgteeds, during late August and
September, usually by mechanical shaking of the dreby shaking the fruits with a wood
stick. The fruits are collected immediately aftall ind dried for a few weeks or months
until they reach water content of less than 6% (Miwa et al., 2003). In this way, almonds
are considered the fruits which withstand the Ishgsorage periods without visible
depreciation, if adequate environmental conditignginly humidity) are maintained
(Monteiro et al., 2003). As such, almonds’ majoslgem in term of biological infestation
is insect damage while still on the tree, and $icgmt fungal contamination is usually
associated with insect-damaged fruits (Schade .et18[75; Schatzki & Ong, 2001;
Campbell et al., 2003; Whitaker et al., 2010).

Portugal is the eighteenth country in the list abducing countries, and is
responsible for only 0.5% of worldwide productidfigure 2.1). The major producer is, by
far, the USA, representing more than 50% of worttvproduction, with yields 3 times

higher than the world average. The other most itapbrcountries, Spain and ltaly, are
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from the Mediterranean basin, like Portugal. Naioproduction has been suffering
tremendous reduction of production and yield inldst decade. Throughout a period of 5
years, from 2001 to 2005, and even if the arearadlyction was maintained near 38,000
hectares, the production suffered a two-fold reidagctrom 27,000 ton to 13,800 ton, with

yields reducing from 891 to 263 kg/ha (INE, 200B)e yield is, in fact, much lower than

the world average, and is only one-tenth of the Acae yield. International trade balance
pends for exportation of in-shell fruits for Eurofmainly Spain) and importation of

shelled fruits from Spain and California, USA. Rgal imports six times more than it

exports (1,600 ton vs. 260 ton; 6 million euros930,000 euros).

In Portugal, the northeast region of Tras-os-Moigdbhe major national producer of
almonds. Even with low yields, the culture repreésesignificant cultural and economic
incomes for local populations, since, under theliti@hal culturing methods, no major
inputs are made other than harvesting. The regitagiates one almond Protected
Denomination of Origin (Denominacdo de Origem Rymta, D.O.P), D.O.P. Douro. In
2005, Tras-os-Montes almond represented 60% aidlienal almond area (approximately
22,800 ha) and 90% of the national production (A2, @ns) (INE, 2005). Yields for Tras-
0s-Montes production are around 0.5 Ton/ha, wheghasents 144% of the national yield.
The rest of the national almond is produced ingbeth region of Algarve, with yields
five-fold lower. These numbers reflect mostly thegressive abandonment of the culture

in the south of the country.

Portugal
0.5%

Ita]}' _/ = :
56% Spain 2% Itaty
9.6% 4%

Figure 2.1 Worldwide almond production (A) and area of pratiitan (B) of the 3 major
producers and Portugal, for the year 2008 (htgm$fat.fao.org, accessed 16.07.2010).
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2.1.3.2 Chestnuts

Chestnuts are produced by a wide variety of spdmes the genu€astaneaThese
species divide into three major groups that havecifip geographical distribution:
C. crenataand C. molissimapredominate in Asia and produce the Asian (Jagaaes
Chinese) chestnutsC. dentataproduces American chestnuts in North America, and
C. sativaproduces the European chestnuts, also known ast shestnutsC. sativais
adapted to regions with humid and temperate to clodate, and does not withstand long
hot and dry periods (Serrano et al., 2001).

European chestnuts are the most consumed chedtecésise of their interesting
nutritional characteristics. They are rich in cdnjpdrates (around 40%), mostly starch, and
present minerals, vitamins and appreciable levél§ber, but low amounts of protein
(2-4%) and, unlike typical nuts, low amounts of (at5-5%) (Wareing et al., 2000;
Barreira et al., 2009). They are also an intergssiource of essential fatty acids (Barreira
et al., 2009).

Chestnuts have approximately 50% water content §ivgret al., 2000; Barreira et
al., 2009), and for that reason they are typicakenal fruits that maintain their optimal
commercial quality, turgescence and health for anbyief period when compared to other
nuts. One of the major difficulties is the high ipkability of the product. The major
factors in post-harvest depreciation are mouldingotiing caused by fungi and the larval
development of insects (Wells & Payne, 1975). Fungactions often start in the larval
galleries of insects (Wells & Payne, 1975), and ynamts become infected on the ground
before picking. Some moulds are considered endephiiat colonise the fruits at various
stages during their development but do not caugesamptoms of disease until after fruit
fall (Washington et al., 1997, 1998). In Portughk traditional method of harvest is to
allow the nuts to fall to the ground, and then lkatthem manually or mechanically, with
vacuum equipment. Interception of chestnuts in edfser on the ground or suspended
above the ground is made in ltaly and France maiolgase and accelerate chestnut
collection, but it is not a usual harvest metho@antugal.

Portugal is the fourth country in terms of worldei&uropean chestnut production
(Figure 2.2). In 2004, chestnut culture in TrasMmmtes occupied 85% of the national

area devoted to chestnut production, and corregubtal 84% of the national production.
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The region integrates three chestnut D.O.P. - Tierieg Padrela and Soutos da Lapa. It is
the fruit with major significance in the portugues®ort/export balance, with ratios of 1:6
(INE, 2005). There are no known statistics for pssed chestnuts, but it is known that

most of it is exported already processed.

Turkey

Bolivia
10.9%

| _Italy
| 6.8%

Portugal
8.3%

Figure 2.2 Worldwide chestnut production (A) and area ofdudion (B) of the 3 major
producers and Portugal, for the year 2008 (daterréd sweet chestnut only)
(http://faostat.fao.org, accessed 16.07.2010).

2.1.4 Fungi and mycotoxins associated with tree nuts

Some genera, likBotrytis CladosporiumandRhizopusare major spoilage fungi in
a variety of nuts, but they are not known to pradsignificant mycotoxins. On the other
hand,Aspergillus FusariumandPenicillium include species capable of producing a wide
range of mycotoxins (Pitt & Hocking, 1997). Thesadi have generally been reported as
dominant contaminants in various kinds of nutse lddmonds and chestnuts (Wells &
Payne, 1975; King et al., 1983; King & Schade, 19B&enez et al., 1991; Abdel-Gawad
& Zohri, 1993; Teviotdale & Hendricks, 1994; Baymanal., 2002; Overy et al., 2003;
Jermini et al., 2006; Khosravi et al., 2007), debaistachios, peanuts, walnuts, hazelnuts
and Brazil nuts (Abdel-Gawad & Zohri, 1993; Freeeal., 2000; Bayman et al., 2002;
Khosravi et al., 2007; Sieber et al., 2007; Gorgalteal., 2008; Nakai et al., 2008; Singh
& Shukla, 2008). One thing that these studies r&nsathat there is a different dominating
mycobiota in each type of nut. Also, the mycobistéound to vary widely depending on
the conditions and stage of production, storagepaadessing, which is related not only to

technological issues but also to the geographiatioc from where nuts originate.
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As mentioned, almonds are mainly produced in Calilg USA, and these fruits
play an important role in that country’s marketsr that reason, Californian almonds have
been largely studied and represent the majorityhefstudies on fungal and mycotoxin
contamination in this type of nut. Fungal contartiora of almonds is almost always
dominated by generAspergillus Penicillium Rhizopusand Eurotium independently of
the stage of production (field or storage). In fatte typical field fungi are usually
considered minor contaminants in this type of nuignebefore harvest, due mainly to the
dryness of the substrate and to the environmewtadiitons (usually extremely hot and
dry) at the end of maturation. Sectidflavi andNigri are the predominant aspergilla, with
other sections being present only rarely. It canegaly be observed th&urotium spp.
and AspergillussectionsFlavi and Nigri seem to evolve in a positive way from field to
storage/market (Purcell et al., 1980; Bayman et28I02). None of these studies refer to
mycotoxin contamination, but fungal evolution make<lear that, if adequate storage
conditions are not guaranteed, AFs and OTA arenpatethreats to these nuts. Almonds
have not been a frequent subject of survey for noyios other than AFs, but Zaied et al.
(2010) have searched for OTA in almonds from Tamsnarkets and found contamination
with 61 pg/kg, proving that this may be a potentisk for almonds.

Fewer studies have been devoted to determiningafur@ntamination of chestnuts,
and none has analysed chestnuts originating froen4thbiggest producing countries,
Turkey, Bolivia, Italy and Portugal. In fact, sorokthose studies are relative to marketed
chestnuts with unknown origin. Reports on chestmasketed (origin not reported) in cold
and humid countries, like Canada (Overy et al. 3@n0d Switzerland (Sieber et al., 2007)
refer to contaminations strongly dominated Bgnicillium spp., with Aspergillus spp.
being of no significance, while studies from dréerd warmer regions, like Georgia, USA
(Wells & Payne, 1975) and Ar'Ar, Saudi Arabia (Albbd@&awad & Zohri, 1993) report
important incidences dspergillus(sectiondNentii, Flavi and, to a lesser exteigri).

Table 2.1 summarises the results of fungal suregyalmonds and chestnuts from

various studies.
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Table 2.1 General fungal contamination of almonds and chest(genu€kurotiumis included
as the teleomorph @&spergillus glaucugroup).

Reference Geographic Stage of Treatments  Most frequent fungi  Aspergillusidentified
region production (incidence) (incidence)
Almonds
Phillips et al., California, Field- Non- Aspergillus(100%) Sect.Nigri (99%)
1979 USA collected disinfected  Eurotium(30%) Sect.Flavi (60%)
kernel Penicillium (27%)
Rhizopug19%)
Surface- Aspergillus(35%) Sect.Nigri (35%)
sterilised Alternaria (19%) Sect.Flavi (0.4%)
shell Rhizopug8.5%)
Eurotium(3%)
Purcell et al., California, Field- Non- Aspergillus(60%) Sect.Nigri (60%)
1980 USA collected disinfected  Alternaria/ Sect.Flavi (20%)
kernel Ulocladium(40%) Sect.Circumdati(15%)
Eurotium(20%) Sect.Wentii(10%)
Penicillium (15%)
Rhizopug5%)
Surface- Alternaria/ Sect.Nigri (30%)
sterilised Ulocladium(60%) Sect.Circumdati(3%)
shell Aspergillus(35%) Sect.Flavi (1%)
Eurotium(15%) Sect.Wentii (1%)
Rhizopug10%)
Penicillium (5%)
Storage Non- Aspergillus(80%) Sect.Nigri (80%)
disinfected  Eurotium(35%) Sect.Flavi (25%)
kernel Alternaria/ Sect.Circumdati(15%)
Ulocladium(20%) Sect.Wentii(10%)
Penicillium (5%)
Rhizopug2%)
Surface- Aspergillus(45%) Sect.Nigri (45%)
sterilised Alternaria/ Sect.Circumdati(2%)
shell Ulocladium(30%)
Eurotium(20%)
Rhizopug10%)
Penicillium (1%)
Jimenez etal.,, Spain Market- Surface- Penicillium (27%), A. flavus(24.7%)
1991 bought, sterilised Aspergillus(> 25%) A. niger(20.6%)
roasted Eurotium(9.7%)
Rhizopug9.7%)
Abdel-Gawad  Saudi Market- Surface- Aspergillus(100%) A. niger(100%)
& Zohri, 1993  Arabia bought sterilised Rhizopug100%) A. flavus(100%)
Penicillium (80%) A. japonicuq60%)
Eurotium(60%) A. ochraceug60%)
Fusarium(20%) A. ustug40%)
A. terreug(40%)
A. sydowii(40%)
A. versicolor(20%)
A. tamarii (20%)

n.d.: not detected
n.r.: not reported

(continues)
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Table 2.1(continued)

Reference Geographic Stage of Treatments Most frequent fungi  Aspergillusidentified
region production (incidence) (incidence)
Teviotdale & California, Field- Non- Yeasts n.r.
Hendricks, USA collected disinfected  Cladosporium
1994 (CFU Penicillium
counts) Aspergillus
Bayman et al.,, California, Field- Non- Penicillium(91%) A. niger(22%)
2002 USA collected disinfected  Aspergillus(> 22%) A. melleug6%)
Rhizopuq13%) A. ochraceu$6%)
A. flavus(3%)
A. fumigatug3%)
Surface- Rhizopuq17%) A. niger(6%)
sterilised Aspergillus(6%) A. nidulans(2%)
Penicillium (3%)
Market- Non- Aspergillus(> 60%) A. niger(60%)
bought disinfected  Rhizopug51%) A. flavus(4%)
Penicillium (4%) A. nidulans(3%)
A. fumigatug1%)
A. tamarii (1%)
Surface- Rhizopug79%) A. niger(26%)
sterilised Aspergillus(> 26%) A. ochraceu$4%)
Penicillium (6%) A. melleug4%)
A. flavus(19%)
A. nidulans(1%)
A. tamarii (1%)
Khosravi et al., Iran Market- Surface- Yeasts (60%) n.r.
2007 bought sterilised Aspergillus(20%)
Penicillium (20%)
Chestnuts
Wells & Payne, Georgia, Field- Surface- Penicillium (40.7%) A. wentii
1975 USA collected sterilised Rhizopuq17.5%) A. flavus
Alternaria (17.2%) A. oryzae
Aspergillus(16.8%) A. niger
Fusarium(6.4%)
Abdel-Gawad  Saudi Market- Surface- Aspergillus(100%) A. flavus(100%)
& Zohri, 1993  Arabia bought sterilised Rhizopug100%) A. niger(100%)
Penicillium (100%) A. fumigatug80%)
Eurotium(100%) A. parasiticug80%)
Fusarium(60%) A. sydowii(60%)
A. versicolor(40%)
A. wentii(40%)
A. terreus(20%)
A. tamarii (20%)
Overy et al., Canada Market- Surface- Penicillium (67.1%) A. ochraceu$2.0%)
2003 bought sterilised Aspergillus(2.0%) A. japonicaq0.3%)
Trichoderma(0.3%)
Jermini etal.,  Switzerland  Market- Water- Ciboria bastiana n.d.
2006 bought soaked Penicillium

Mucor hiemalis

n.d.: not detected
n.r.: not reported
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2.1.5 Aflatoxins

2.1.5.1 Aflatoxins as a health threat to humans and animals

AFs are a group of difuranocoumarin derivativesststing of 5 heterocycles that
occur in several chemical forms. The four major Afs AFB, AFB,, AFG; and AFG
(Figure 2.3), and they are named based on therdicence under UV light (B for blue
and G for green) and relative chromatographic ntgldluring thin-layer chromatography.
AFB; is considered the most potent natural carcinogerwk and is usually the major AF
produced by aflatoxigenic strains. It is thereftine best studied. Numerous other AFs
have been described, especially as mammalian bgftmanation products of the major
metabolites (Bennett & Klich, 2003). One such exEmis AFM,, the predominant
metabolite of AFB in milk from lactating humans and animals that stone AFB-

contaminated food or feed.

Aflatoxin G, Aflatoxin G,

Figure 2.3 Chemical structure of the four major AFs (frongiter et al., 2009).
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AFB; is metabolised by the liver through the cytochrdt&0 enzyme system to the
major carcinogenic metabolite Al-B,9-epoxide (AFBO), or to less mutagenic formshsuc
as AFM,, AFQ,, or AFR (Shimada & Guengerich, 1989; Crespi et al., 199hgre are
several pathways that AFBO can take, resultingaimcer, toxicity, and AFBO excretion.
The exo-form of AFBO readily binds to cellular mawrolecules including genetic
material (proteins and DNA), to form adducts. Itthe formation of DNA-adducts that
leads to gene mutations and cancer.

AFs are associated with both toxicity and carcimigey in human and animal
populations. The diseases caused by AF consumjatiencalled aflatoxicoses. Acute
aflatoxicosis occurs when moderate to high levélaks are consumed. Acute episodes of
disease symptoms may include haemorrhage, acwge da@mage, oedema, alteration in
digestion, absorption and/or metabolism of nutgeahd may result in death (Varga et al.,
2009). Chronic aflatoxicosis results in cancer, ume suppression, and other “slow”
pathological conditions.

There are substantial differences in species stibdgp. Moreover, within a given
species, the magnitude of the response is infliebgeage, sex, weight, diet, exposure to
infectious agents, and the presence of other myowoand pharmacologically active
substances. LD50 for ARBanges from 0.5 mg/kg for the adult dog to 10.2kydor the
hamster (Moss, 1996). For humans, LD50 probablyg falthe middle of the range (Moss,
1998). Because of the differences in AF suscejitibil test animals, it has been difficult
to extrapolate the possible effects of AFs to husndout according to the International
Agency for Research on Cancer (IARC), there isigefit evidence for carcinogenicity of
naturally occurring mixtures of AFs, mixtures of B AFG; and AFM, and of AFB
alone, limited evidence for ARBand inadequate evidence for AF&hd AFM, (IARC,
2002). Exposure to AFs in the diet is consideredimportant risk factor for the
development of primary hepatocellular carcinomarstipdarly in individuals already
exposed to other liver pathologies such as hepditiHenry et al., 2002). Several studies
have linked liver cancer incidence to estimated caasumption in the diet (Li et al.,
2001). The results of these studies have not beerely consistent, and quantification of
lifetime individual exposure to AF is extremely faktilt. The incidence of liver cancer

varies widely from country to country, but it iseonf the most common cancers in China,
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the Philippines, Thailand and many African coustri@ennett & Klich, 2003), where
contaminated maize and rice are the major dietangttuents.

Also, acute toxicity of AFs in humans has been olesk even if rarely. Acute
aflatoxicosis epidemics occurred in India in 19dde to the consumption of maize heavily
contaminated with AF (Krishnamachari et al., 19Mpre than 100 people died. Also,
three cases of acute aflatoxicosis occurred in Eeny1981 (Ngindu et al., 1982), in 2004
and in 2005, causing more than 150 deaths (CDC4;288ziz-Baumgartner et al., 2005;
Lewis et al., 2005; Probst et al., 2007).

2.1.5.2 Risk assessment and Regulatory issues

AFs have been found to contaminate many crops émityu at nanogram levels,
although occasionally they can be found at levetsms to hundreds of ng/g. Commodities
with a high risk of AF contamination include peasjutorn, cottonseed, Brazil nuts,
pistachios, spices, figs and copra. Commoditiesh vah intermediate risk of AF
contamination include almonds, pecans, and raidiialnuts, soybeans, beans, pulses,
cassava, grain sorghum, millet, wheat, oats, badeg rice seem to be less susceptible to
AF contamination (CAST, 2003).

Because controlling the occurrence of mycotoxinénished products is practically
impossible, regulatory bodies are continuously ssiag the levels of acceptable exposure
to humans by using a risk assessment processataliskttolerable daily intakes of selected
mycotoxins. Monitoring programs assessing the getwe of mycotoxins along with
available toxicological data are used to make aesmsnent of exposure-risk to humans or
animals. The result is the establishment of reguyaevels for selected mycotoxins where
sufficient information has been obtained.

Risk assessment is based on the hazard or toxiciymycotoxin and the expected
degree of exposure of individuals or populatiortse hazard of mycotoxins to individuals
is probably more or less the same all over the dyakcept for those populations, e.g.
from Shanghai, Thailand, China, Gambia, Taiwanhwigh levels of hepatitis B infection,
for whom AF potency is significantly enhanced (Hest al., 2002; CAST, 2003). On the
other hand, exposure is not the same worldwidealmx of different levels of
contamination as well as dietary habits in theawiparts of the world. AFs prevail in less
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developed tropical and subtropical countries whdm@ate and storage conditions are
favourable to fungal growth and toxin productiomrtRermore, populations from those
countries rely extensively on some of those cropelvhave been found more susceptible
to AF, mostly grains.

Worldwide regulations exist for mycotoxins and geatlg are based on toxicological
data, occurrence and distribution, and epidemiokdgiata. In Europe, current regulations
are based mostly on scientific opinions of autlatitie bodies, as the Joint Expert
Committee on Food Additives of the United NatiodECFA - a scientific advisory body
of the World Health Organization (WHO) and the Faaad Agriculture Organization
(FAO)) and the European Food Safety Authority (EFSPhe EFSA is an independent
body of the European Commission (EC), establisine®002, and charged, among other
tasks, with the development of risk assessmenissues of concern in the food and feed
supply. EFSA publishes its risk assessments iridime of scientific opinions which form
the main scientific basis for the preparation of Edgulations. Another important EU
activity is SCOOP (Scientific Cooperation on Quassi relating to Food), funded by the
European Commission, and targeted to make thedséistates of intake of contaminants
by EU inhabitants. The objectives of SCOOP actistyo provide the scientific basis for
evaluation and management of risk to public healtising from dietary exposure to
mycotoxins, taking into account recently availabea on occurrence and consumption.
Special emphasis is placed on evaluation of digtdake of mycotoxins in each of the EU
member states and in high-risk sub-groups of thmifadion.

For the mycotoxins currently considered most sigaift, JECFA has evaluated their
hazard in several sessions (see review by van Egrmabml., 2007). In 2001, a JECFA
session was devoted to mycotoxins. Reports regultom this session provided detailed
insight into the process of risk assessment of toyaos (FAO, 2001, 2002). The reports
addressed several concerns about the mycotoxinsidesad - their properties and
metabolism, toxicological studies, and final rislakiation.

In the early days of mycotoxin regulations, contriasures focused mainly on AFs.
They were established by industrialised countrégg] limits often had an advisory or
guideline character. Over the years, the numbercaintries with known specific
mycotoxin regulations has increased from 33 in 1@&huller et al., 1983) to 100 in 2003
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(FAO, 2004), with specific limits being establishiedl many food and feed commodities
and products for 13 different mycotoxins or groopsnycotoxins.

Until the late 1990’s, setting of mycotoxin regidats was mostly a national
concern. As a consequence, tolerated levels of toyows varied widely between
countries. The Task Force Report of the Councilgricultural Science and Technology
(CAST), USA, collated information on almost 80 ctries all over the world and, in 1997,
for the specific case of AFs, tolerated levelse@ifrom zero (undetectable) to 1000 pg/kg
(CAST, 2003). Preferably, regulations should bertmarised with those in other countries
with which trade contacts exist. Unnecessarilycstegulative actions make it difficult for
importing countries to obtain supplies of essent@hmodities such as food grains and
animal feedstuffs. Also, exporting countries mayehdifficulty finding markets for their
products. For example, stringent regulations fos Airthe EU (EC, 2006) make it difficult
for some countries to export food commodities amddf for their European trading
partners. As a consequence, several economic coitiesye.g. EU, Mercado Cémun del
Sur (MERCOSUR), Australia and New Zealand, havenlssveloping efforts during the
last decade in order to harmonise their mycotoeigulations, thus overruling existing
national regulations.

In an attempt for harmonisation, EFSA has receftMyarch 2007) published an
opinion on the potential increase in the risk tostomer health of a possible increase in
current maximum levels for AFs in almonds, hazednpistachios, and derived products
(http://www.efsa.europa.eu, accessed 15.07.201@®).panel concluded that changing the
maximum levels for total AFs in almonds, hazelnwsad pistachios from 4 to 8 or
10 ng/kg would have minor effects on estimates of dieéxposure and cancer risks. As a
consequence, EC recently adopted legislation chgntiieir AFs regulatory limits (EC,
2010a) and sampling plans (EC, 2010b) for tree tmtsnore closely conform to that
developed by the Codex Committee on Contaminar®ads (CCCF) and adopted by the
Codex Alimentarius Commission (CAC) in July 2008CCF, 2008). The Codex AF
sampling plan for tree nuts (almonds, pistachiosl Bazelnuts) requires that two 10 kg
samples both test less than 10 pg/kg for total M) to accept the lot. The EU adopted
the Codex plan, but added an AHnit of 8 pg/kg. As a result, an almond lot reesr
two 10 kg samples to each test less than bothsli@itug/kg AFB and 10 pg/kg AFT) for
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the lot to be accepted into the food chain. Thigsten still does not harmonise with USA
regulations, which determine maximum levels foak@tFs of 20 pg/kg.

EU food and feed imports are informed in part tiglothe EU’s Rapid Alert System
for Food and Feed (RASFF). The RASFF is a tool use@&xchange information on
potential risks entering the food and feed systérang point in the EU, so that all EU
member states may be alerted to take the apprepmatisures to assure food and feed
safety (Wu, 2008). In 2009, RASFF reported a tafab69 alerts or notifications for
mycotoxins, of which 95% were for AFs, mostly framats, nut products and seeds (638,
81%) (EC, 2010c). A significant part of these rioéifions (42%) were for peanuts from
Argentina, China, USA, Brazil, Egypt and South &#i Pistachio nuts from Iran, Turkey
and USA originated 136 notifications (21%), 63 ficéitions (9.9%) on hazelnuts nearly
all from Turkey, 55 notifications (8.6%) on almona®inly from USA and a few from
Australia, and 7 notifications (1%) on Brazil nfitsm Brazil and Bolivia. The remaining
notifications were on figs (10%), spices (3.6%)eets (2%) and feed (1.4%).

Although this is circumstantial evidence, it refemarket realities and conforms to
the position of the industry groups, in which pgammond and pistachio producers are
greatly affected by the economic impact of AF camtation, whereas others (e.g. walnut
producers) are primarily concerned with spoilagecroorganisms such aRhizopus

PenicilliumandA. niger.

2.1.6 Aflatoxigenic fungi and aflatoxins in tree nuts

2.1.6.1 Aflatoxigenic species

All known aflatoxigenic species belong to gemAspergillus Currently, 14 species
have been identified as having the ability to paedat least one of the four major naturally
occurring AFs. Nine of them belong to sectklavi, beingA. flavusandA. parasiticushe
most significant and widespreadl. flavuspopulations have been found to be extremely
diverse in terms of toxigenicity, and only about¥s®f known isolates produce AFs
(Frisvad et al., 2006b). The species has beenalividto two morphotypes depending on
the size of sclerotia, L-type strains producingéasclerotia (> 400 um) and S-type strains
producing microsclerotia (< 400 um; Cotty, 198%tyRe strains are usually associated
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with the production of large amounts of AFBs)Y®r, more atypically, AFBs and AFGs
(Ssc). Some of these atypicalgS strains have been recently ascribed to the new
aflatoxigenic specieé. parvisclerotigenugFrisvad et al., 2005) ardl. minisclerotigenes
(Pildain et al., 2008).

A. parasiticusstrains are more uniform in their toxigenic amebt they are usually
strongly aflatoxigenic, producing both AFBs and Af-(Non-aflatoxigenic strains have
rarely been reported (Horn et al., 1996; Tran-Dathal., 1999; Vaamonde et al., 2003;
Razzaghi-Abyaneh et al., 2006). Recently, a newispeclosely related ta. parasiticus
A. arachidicola has been described (Pildain et al., 2008).nomiusis also strongly
aflatoxigenic, having an aflatoxigenic profile siamito A. parasiticus(Kurtzman et al.,
1987). Other aflatoxigenic species of this sectiane been identifiedA. pseudotamarii
(Ito et al., 2001), a close relative of the norat@fkigenic specied\. tamarii and A.
bombycigPeterson et al., 2001), closely relatedtmomius

Outside sectiorrlavi, five species have also been identified as afigemic, but, to
our knowledge, they have not been implicated irdfoontamination. Two species belong
to sectionOchraceoroseiA. ochraceoroseuandA. rambellii (Frisvad et al., 2005), and
three belong to sectiddidulantes Emericella astellatgFrisvad et al., 2004. olivicola
(Zalar et al.,, 2008) and&. venezuelensi§risvad & Samson, 2004). Numerous other
species have been incorrectly indicated as aflgemic, mainly as a result of wrong
identification or strain contamination. Frisvadagt (2006a) have collected a list of those
species, which includ@. flavo-fuscus, A. glaucus, A. niger, A. oryzae, gtianus, A.
sulphureus,A. tamarii, A. terreus, A. terricola, A. wentii, Encella nidulans(as A.
nidulans), E. ruguloséasA. rugulosuy Eurotium chevalieri, Erepens, E. rubrum, Mucor
mucedo, Penicillium citrinum, P. citromyc&s,digitatum, P. frequentans, P. expansum, P.

glaucum, P. puberulun®. variabile, Rhizopusp. and the bacteriuBtreptomycesp.

2.1.6.2 Biodiversity and biogeography of aflatoxigenic spees

Regarding the distribution and economic importaataflatoxigenic species, only
species belonging to sectiéavi have been found to be of significance in foods faod
commodities. From thos&). flavusand A. parasiticusremain the most important and
representative aflatoxigenic species occurring nadjuin food commodities all over the
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world. For many years, researchers did not separatieavusfrom A. parasiticusin field
studies, which led to some confusion regardingrtdestribution. Even today, as new
species are constantly being described, some doebtain on the true identification of
some isolates that phenotypically resemble the rsostmon species. As a matter of
consequence, biodiversity and biogeography of @flgenic species needs to be regarded
with caution.

Incidence of the aflatoxigenic species varies withp and geographic locatioA.
flavusis the most commonly reported species and hasibekted from soils and cultures
in all of the major biomes (Klich, 2002b). Although flavusmay be found in all climatic
zones, it is isolated relatively more frequentlywarm temperate zones (latitudes 26—35°)
than in tropical or cooler temperate zones, anguige uncommon in latitudes above 45°
(Klich, 2002b). It is therefore not surprising tf@ironic AF problems are associated with
crops in latitudes below 35° and are generally anohajor problem in crops raised in
Europe (Klich, 2007). The atypicak@nd $¢ strains have been identified from Australia,
Thailand, West Africa and Argentina (Saito & Tsaqul993; Cotty & Cardwell, 1999;
Geiser et al., 2000; Vaamonde et al., 2003; Pildai., 2008). In North America, only S
strains have been reported (Cotty & Cardwell, 139&n & Dorner, 1999).

The species is widespread in a variety of foodsjdmostly found in oil seeds, nuts,
cereals and dried fruits. Also, the highly variald#atoxigenic profile ofA. flavus
populations seems to be dependent as much on tiggagdic origin as on the substrate.
For instance, isolates from peanuts seem to beopriedntly aflatoxigenic (70-100% of all
isolates) and in proportions significantly highkan in other crops, independently of the
geographic origin (Joffe, 1969; Schroeder & BollE973; Lisker et al., 1993; Barros et al.,
2003, 2005; Vaamonde et al., 2003; Pildain et24lQ4; Nakai et al., 2008). Also, Brazil
nuts (Arrus et al., 2005a), white sultanas andddfigs (lamanaka et al., 2007) have been
associated with extremely high proportions of texig isolates. On the other hand,
populations from crops like maize, wheat, coffeartseand cotton have proportions of
aflatoxigenic isolates that range from 5 to 50% t{01997; Wicklow et al., 1998;
Vaamonde et al., 2003; Razzaghi-Abyaneh et al.628@hnkeng et al., 2008). No studies
on almonds were found referring to the proporti@missection Flavi species in this
substrate.
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A. parasiticusis apparently less widespread in nature, and etmseto be more
adapted to survival in the soil and less dependantrop infection thar\. flavus(Horn,
2007). As a matter of fact, this species is gehersblated quite rarely from the majority
of foods and was found to be important only insaihd underground foods like peanuts
(Klich, 2002b; Vaamonde et al., 2003; Horn, 200Also, it has been reported to be
geographically restricted to USA, South America Andtralia (Frisvad et al., 2006b), and
to be rare in Southeast Asia (Pitt et al., 1993).

Aflatoxigenic species other thak flavusandA. parasiticusappear to be of minor
importance to agricultureA. nomiushas rarely been identified in survey studies from
agricultural soils and commodities (Fiebelman et E998; Ito et al., 1998; Abbas et al.,
2005; Razzaghi-Abyaneh et al., 2006; Ehrlich et2007; Johnsson et al., 2008; Olsen et
al., 2008). The species has been isolated fronrsbveegions, but is still considered rare.
Yet, this can be an artefact resulting from itomsty resemblance witA. flavus since
recent data indicate th&. nomiusmay be a major contributor to AF contamination of
Brazil nuts (Johnsson et al., 2008; Olsen et &Q82. The significance of the recently
described species needs further investigationrmgef food and geographic distribution,
but they are probably less significant from thenpaif view of AF contamination of foods
and feeds. They have been reported rarely andrestinicted distributionA. arachidicola
andA. minisclerotigeneblave been reported from an Argentinian uncultivggeanut plant
(Pildain et al., 2008), where@s pseudotamariandA. caelatushave been isolated from
tea fields in Japan (Ilto & Goto, 1994; Ito et 4B99).

The differences in aflatoxigenic fungi communityusture are reflected in the
relative abundance of AFBs and AFGs in crops predun various regions (Cotty, 1997).
Furthermore, the average AF-producing potentialfiofgal communities varies with
geography with some regions having communities \giater AF-producing potentials
and, as a result, crops grown in those regionsnare vulnerable to contamination (Cotty,
1997; Jaime-Garcia & Cotty, 2006). For instanceggaphical divergence in the strongly
aflatoxigenic S-strains incidence has been assutiatith increased crop AF content
(Jaime-Garcia & Cotty, 2006), and are presumed ¢o résponsible for the major
contamination problems occurring in Africa. Alsoggions and cultures wherA.
parasiticusis more abundant are usually associated with hitghesls of contamination

with AFGs than those richer R. flavus
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The factors responsible for the toxigenic profifefo flavuspopulations in a region
or substrate are not fully understood. It has bseggested that modern agricultural
management practices may create unique ecologichés which select toxigenic fungi
and that the extent of these selective forces emites the relative proportion of toxigenic
and atoxigenic strains in a given area (Bilgramalet 1981). Bilgrami et al. (1988) and
Horn & Dorner (2001) suggest that adverse envirartaieconditions like those usually
found in nature (by competition with other microangsms and by exposure to stressful
conditions), have a stabilising effect on AF prdttut ability and other wild-type
characters irA. flavus and that they are lost in nutritionally rich emmviments. Perrone et
al. (2007) further suggest that, since sectidavi isolates are essentially saprophytic,
polyketide metabolites like AFs may increase furggalival in soil, but that such benefit
may be unnecessary in carbon-rich environmentsrevtie ability to produce AFs could
be a vestigial function. Adaptation éf flavusto certain crops, namely the carbon-rich
ones, is perhaps conducive to gene loss, since roarle isolates incapable of AF
production have multiple mutations in their AF gehester (Chang et al., 2005).

Also, in A. parasiticus when normal development is thwarted, the resylisolate
permanently loses some of its normal developmamttions, and loss of AF production is
usually related to loss of conidia formation (Gurnrue-Pena & Ruiz-Herrara, 1997; Kale
et al., 2003; Wilkinson et al., 2004). Maybe thdedets inA. parasiticusisolates are too
severe and turn them unviable, thus justifying faet that almost all isolates are
aflatoxigenic. These theories may be supportechbyfadct that surveys from soil or from
soil-growing crops like peanuts usually render bigincidences ofA. parasiticusand
aflatoxigenicA. flavusthan surveys on crops that do not contact direetth solil, like
maize and almonds (Wicklow et al., 1998; Barroalgt2003, 2005). Also, the levels Af
parasiticusare usually higher in soil than would be expedtedn levels present in the

corresponding culture (Horn et al., 1995; Dosteal£t1996).

2.1.6.3 Ecophysiology of aflatoxigenic fungi and aflatoxirproduction

Growth of aflatoxigenic fungi and the biosynthesisAFs is strongly dependent on
growth conditions such as substrate composition, pk] temperature or modified
atmospheres. Depending on the particular combimaifcexternal growth parameters the
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biosynthesis of AFs can either be completely irthdhi albeit normal growth is still
possible, or the biosynthesis pathway can be fatlyivated. Knowledge about these
relationships enables an assessment of which psam@nbinations can control fungal

growth and AF biosynthesis or which are conducovAF production.

Environmental conditions and water availability

Although some geographical variation might be attied to isolation and
divergence (Cotty & Cardwell, 1999), responses Bfpkoducers to climate are important
influences (Cotty, 1997; Cardwell & Cotty, 2002)F Aroducing fungi are native to warm
arid, semi-arid, and tropical regions with changeslimate resulting in large fluctuations
in the quantity of AF producers (Bock et al., 200 ese fungi compete poorly under cool
conditions and the quantity &f. flavusin cool areas (temperature minima < 20 °C) is low
compared to warmer regions (temperature minima 3Q@5where aflatoxigenic fungi are
common throughout soils, air, and on crop surfalesce, crops grown in warm climates
have greater likelihood of infection by AF produser

Similarly to what has been described for fungi eneral, temperature and the
equilibrium environmental relative humidity/subs&ra,y are the factors that more strongly
affect growth of aflatoxigenic fungi and AF prodiact. Several in vitro studies have been
developed on the determination of cardinal tempeeatand @ for fungal growth and AF
production.A. flavusandA. parasiticuscan grow over a wide range of temperatures (12 to
48 °C), but growth is maximised in the range 25 7 °C (Pitt & Hocking, 1997; Marin
et al., 1998; Sautour et al., 2002; O’Brian et 2007; Samapundo et al., 2007a, 2007b;
Schmidt-Heydt et al., 2009). Reported values fotino@l ay for A. flavus and A.
parasiticusgrowth vary from 0.97 to 0.99 (Gibson et al., 1.98Wrin et al., 1998; Sautour
et al., 2002), but growth has been reported forirmam ay near 0.80, for temperatures
around 30 °C (Pitt & Miscamble, 1995; Rosso & Rsbm, 2001; Samapundo et al.,
2007a, 2007b; Johnsson et al., 2008).

Usually, AFs are produced under temperature gncaages that are not as wide as
those found for growth. AF production has been rdeiteed to occur at temperatures
between 20 and 37 °C, and fqy a 0.85, but they were found to be optimally proetiat
28-30 °C and\a > 0.95 (Gqgaleni et al., 1997; O’'Brian et al., 208¢hmidt-Heydt et al.,
2009).
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AF contamination of crops can be divided into twistidct phases, with fungal
infection of the developing crop in the first phamad increases in contamination after
maturation in the second phase. Although episotiesrdamination are often attributed to
one phase or the other (e.g. due to poor post-Bahandling or associated with insect
damage in the field), both phases contribute toym@mtamination events. Developing
crops are frequently very resistant to infection By flavus and subsequent AF
contamination due to natural mechanisms of resistémat are onset as response to fungal
attack. But when crops are exposed to stressfut@mental conditions such as drought
and high temperatures significant infections usuaticur (Bircan et al., 2008).

The roles of high temperature and drought in pleohtamination are being
progressively elucidated. On the one side, thegeradirectly affect the physiology of the
plants and the mechanisms of resistance, leavie tharticularly susceptible to fungal
infection and AF production. For instance, drougfinéss induces a great increase of amino
acids production in plants, mostly proline, andlipe has been reported to stimulate AF
production (see below). Also, production of phy&ahs (antimicrobial compounds
produced by plants in response to fungal attackjchvhave been shown to inhibit spore
germination and hyphal extension Af flavusin immature (high @) peanuts (Wotton &
Strange, 1985), is inhibited by drought stress (drot& Strange, 1987; Dorner et al.,
1989; Strange & Rao, 1994). Another possibility tbe higher contamination of crops
under stress is that the fungi that normally compeéth A. flavusdo not grow as readily
under these conditions, giving. flavusa competitive advantage due to its xerotolerant
nature, even compared with othfespergillusspecies (Klich, 2007).

The second phase of contamination may occur atiar@yfrom crop maturation until
consumption. During this periodyaf nuts is usually sufficiently low (< 0.70) tohibit
fungal growth and AF production. In a study of pganontamination from sowing to
harvest, Goncalez et al. (2008) only found aflageric fungi and AF contamination in
pods at full maturity.A. flavus and A. parasiticuswere not isolated in the stages of
maturity with the highest water contentsy(e 0.98), thus confirming that natural
resistance against fungal invasion is only effecis & > 0.97, and is lost at the final
stages of maturity, wheryalecreases to values below 0.95 (Dorner et al9)198 theory,
nuts are most susceptible to AF contamination wdgers between 0.95 and 0.85. Above
0.95, AF production is inhibited by host resistgrened below 0.85 that effect is the result
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of fungal growth restriction due to reduced wateaikability. So, adequate conditions of
relative humidity during storage must be effectatemaintaining substrateyabelow at
least 0.85. If, on the other hand, crops are exptseonditions of higher humidity, dry
seeds develop water content conducive to contammmgAdebajo & Popoola, 2003;
Johnsson et al., 2008; Riba et al., 2010). As amgke, Johnsson et al. (2008) tested the
effect of storing Brazil nuts under differeny aonditions, and detected that both levels of
the inoculated fungus and toxin levels increasgdicantly with time in samples stored
at gy > 0.85, but not in samples stored @tleelow that. When growth has started, colony
counts and AFs will accumulate as long asaad nutrient availability allow it. Growth
will cease after drying of the nuts but fungal gsoand AFs that have been formed earlier
will remain. That is a possible explanation for fireling of AF contamination in stored
products with @ < 0.70 (da Silva et al., 2000; Goncalez et al080

Nutritional requirements

Many plants and substrates support growth and Adelymtion by aflatoxigenic
moulds, but AFs are most frequently associated tiigh-carbohydrate and high-fat food
and feed like ground nuts and derived productspatis, pistachios, Brazil nuts, maize,
rice, figs, cotton seed and spices. In fact, sémwgergillusspecies, mainlhA. flavusand
related species, seem to hold a unique positidharfungal world. They primarily obtain
the resources needed for growth in a saprophytidemend, thus, retain the ability to
secrete a large diversity of hydrolases to helpesecutrients. The most significant
hydrolytic proteins associated witAspergillus section Flavi are proteases, lipases,
amylases and pectinases (Mellon et al., 2007).dapalay a prominent hydrolytic role in
A. flavusmetabolism when triglycerides are used as a casbarce. In particular, tHgA
gene, encoding a lipase M. flavus has been suggested to promote AF formation in
lipid-rich environments, for its putative role iramturing carbon nutrients from lipid
sources (Yu et al.,, 2003). Furthermore, fatty acus involved in one of the first
enzymatic reactions of the aflatoxin pathway (rexd in Yabe & Nakajima, 2004). The
effects of lipids on fungal growth and AF productioave been studied A& flavusandA.
parasiticusby many researchers. Mellon et al. (2000) detezchihatA. flavusgrowth was
enhanced on media with triglycerides as a soleoradource. In addition, AF production

levels were 800-fold higher in lipid-rich substrétan in the same substrate extracted from
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lipids. Fanelli et al. (1983) had already demoretiathat lipophilic epoxy fatty acids
stimulated AF production in toxigenic fungi. Ergexsil oxidation was also found to induce
both fungal growth and AF production (de Luca et H95).

It is also known that carbon and nitrogen sourdag a vital role in the regulation of
AF production (reviewed by Payne & Brown 1998; Whkon et al., 2007; Senyuva et al.,
2008). Simple sugars such as glucose, sacchara@éysm and galactose induce AF
production, while more complex nutrients such gsqee, lactose, oleic acid and starch do
not. These findings support the fact that fat-mechs like almonds, pistachios and peanuts
are more frequently involved in AF contaminatiomrhstarch-rich chestnuts. The types
and concentrations of the nitrogen source in tHestsate are equally critical to fungal
growth and to subsequent AF production. It has lveparted that the amino acids proline
and cystine stimulates AF production more than eigst asparagine, tryptophan or

methionine wher. flavusandA. parasiticusare grown in culture.

Interaction with the host plant

In vitro experiments with chemical components eetnuts have shown a significant
difference in the ability of different tree nuts sopport AF production. Walnuts were
found to contain a series of chemicals (phenolphteuinones, tannins, plumbagin) with
potent effects against AF biosynthesis (Campbellalet 2003; Fukuda et al., 2003;
Mahoney & Molineux, 2004). These compounds werendbin the seed coat, not the
nutmeat itself, and were found only as traces moalds. On the other hand, various
chemical compounds with some sort of biologicalivitgt shown to occur in high
concentrations in almonds, like triterpenoids, giies and sterols (Mahoney & Molineux,
2004), failed to show significant anti-aflatoxigerictivity. Studies on this matter have not
been developed in almonds as intensely as in walbut they will need to be addressed,
since it is a known fact that, in almonds, AFs llguaccumulate in the seed coat, and
removing this pellicle usually reduces AF in thémeat to undetectable levels.

Besides differences between crops, there are aldetal differences within each
crop. Various authors detected differences (sigaifi in some cases) between varieties of
walnuts and almonds in terms of chemical compasiie well as resistance £ flavus
and AF accumulation (Gradziel & Wang, 1994; Graldeteal., 2000; Dicenta et al., 2002;
Mahoney et al., 2003; Mahoney & Molineux, 2004)c@&ita et al. (2002) tested 40 almond
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cultivars from different geographic origins andervif at different levels, all showed
susceptibility toA. flavus They concluded that there is no relationship lkeetwgeographic
origin of the cultivars and degree of susceptiilidowever, cultivars from California
have soft shell, whereas those traditionally catid in Europe have hard shell. This
difference has been correlated with AF contamima{@radziel & Wang, 1994), where
soft-shell cultivars showed higher susceptibilifijhis factor, among others (mostly
environmental), may constitute the reason why Eemop almonds are seldom
contaminated with AFs. However, European produ¢ansl particularly those from the
Portuguese northeast region) are currently comgertiheir orchards into soft cultivars
which give higher yields and are easier to proc&ékss and the climatic changes in the
Mediterranean basin into more arid and hot can teaa change in this paradigm in the
near future (Paterson & Lima, 2009).

The speed at which phytoalexins accumulate aftallesige and the concentrations
reached are influenced not only by environmentalddmns but also by genotype of the
plant, and resistant cultivars have been foundctumulate more phytoalexins than the

susceptible ones (Strange & Rao, 1994).

Physical barriers and damage

A. flavusis a weak plant pathogen which seems to lack lthigyato penetrate the
shell of nuts (Dickman et al., 1986), being thatrymto the edible kernel usually depends
on breaks caused by abrasions or insects. As aegoesce, AFs are rarely found in
kernels with intact hulls (Sommer et al., 1986;uret al., 2005). Insect-feeding damage is
a major factor leading to pre-harvest fungal infectof nut kernels of almond, and
subsequent AF contamination. Wounds to the pretedayers surrounding nut kernels
(hull, shell, seadcoat) provide avenues for infectoy wind-borne spores of aflatoxigenic
fungi (Doster & Michailides, 1995, 1999; Schatzki&g, 2001; Campbell et al., 2003).

The majority of studies on mechanisms of AF conteidon in tree nuts are
dedicated to pistachio (Dickman et al., 1986; Sometal., 1986; Doster & Michailides,
1995, 1999; Mahoney & Rodriguez, 1996; Mahoney &yweux, 1998; Campbell et al.,
2003). Less is known for other nuts, particulatipy@nds (Phillips et al., 1979; Schatzki &
Ong, 2000, 2001; Campbell et al., 2003) and chéstrin a study on pistachio from
California, Mahoney & Rodriguez (1996) detected thk was not produced in pistachio
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shells despite of high shell colonisation Ay flavus and lower levels of contamination

were detected on in-shell kernels than on sheledéts. In pistachios, high levels of AFs
are associated with early-splitting shells and ¢isamaged kernels, in which the kernel
can be exposed to fungal spores (Sommer et al§;l9&honey & Rodriguez, 1996;

Campbell et al., 2003). In almonds, the maturaporcess is different, and hull-splitting

exposes the hard shell, which remains closed, gidocess to insects but usually not
directly to fungi (Schatzki & Ong, 2001). Either yyansect-damaged nuts are usually
excluded from downstream processing through viswaimechanical sorting, based on
external evident damage or decolorisation typidaiuagal contamination, thus reducing
the incidence of contaminated nuts in the finabjici.

Alternate routes of infection may occur during depenent of the kernel or through
natural breaches which take place as the kernalregtmainly through the stem-end of
the nut when the fruit is still soft (Campbell dt, 2003). At this stage, the kernel is
vulnerable to being pierced by sucking-insects comrto pistachio and almonds. This
route presents a problem, since there are no dvedagernal signs of damage to the nut,
making it difficult to remove such nuts from thepessing stream.

Mahoney & Rodriguez (1996) observed that the seeat enatrix of pistachio
appears to be more conducive to adhesion and/ariigation ofA. flavusspores than the
shell, but the waxy cuticular layer below the seedt that exists in tree nuts seems to be
an effective barrier td\. flavusinfection. They analysed pistachios with and withseed
coat (but with the cuticular layer intact), and et¢d that none of the blanched nuts
(without seed coat) sufferedl flavuscolonisation or AF contamination, whereas 62% of
the kernels with seed coat were colonised by thgus and 44% were contaminated with
the toxin after 10 days of inoculation. There acereports on the differential analysis of
the AF content of the shell, nutmeat and seed obamonds, but there is a general
recognition that removing the seed coat from coitataed kernels is a practice that greatly
reduces AF contamination. Even if pistachios andoalds differ significantly in their
maturation process (Schatzki & Ong, 2000), we c@umme that the physical and chemical
barriers between the outer shell and the nutmeghtniiave a similar effect on fungal
growth in both pistachios and almonds.

A major reservoir of aflatoxigenispergillus spores is in the orchard litter

surrounding tree nuts (Campbell et al., 2003). énggal, almond fruits are harvested by
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shaking them from the tree immediately prior tdexiion. It is not known whether there is
direct infection of nuts while still on the treeutbthe infected litter may contribute to
increase the probability of wounded nuts beingatdée by fungal spores. Also, spores can
adhere to fallen fruits and infect them during at@r, even in non-damaged nuts, if proper
post-harvest handling and storage conditions ategnaranteed. For other nuts that are
allowed to fall and stay on the ground for daysveeks, like chestnuts, contamination and

infection can potentially occur during that stage.

Interaction with other microorganisms

Antagonism between aflatoxigenic fungi and othercroorganisms have been
reported in several studies. Phillips et al. (19&0alysed pre-harvest almonds naturally
and artificially infected with various fungi anduiod that most of the fungi, and mostly
Rhizopusand Eurotium species, reduced the colonisation of kernelsAbylavusand A.
parasiticus Also in almonds, Joffe (1969) observed that fumgin higher g requirements
had stronger antagonistic effect overflavusthan those fungi usually associated with dry
foods. It is not completely understood if competitis due to antagonistic effects or to the
physical and chemical environment being more adapeones than to the others. Other
studies have shown a positive correlation betw&eflavusandA. niger (Doster et al.,
1996; Bayman et al., 2002). This association idabbty due to the fact that sectidfigvi
andNigri share common habitats and ecophysiological chenatits (Rosso & Robinson,
2001; Esteban et al., 2006; Magan, 2006; Klich,720680 conditions that favour one of
these fungi probably favour the other. An altenatexplanation is that infection by one
species makes the fruit more susceptible to therd¢Bayman et al., 2002).

Several in vitro studies have shown that the pmsef other filamentous fungi,
namelyA. niger, Rhizopusspp.,Trichodermaspp. andPenicillium spp., among others, can
significantly reduce AF accumulation, by AF prodant inhibition and/or by AF
degradation (Wicklow et al., 1980; Mislivec et a988; Doster et al., 1996; Aziz &
Shahin, 1997; Calistru et al., 1997; La Pena et28104). A number of bacteri®#cillus
spp., Pseudomonaspp., Ralstonia spp. andBurkholderia spp.; Palumbo et al., 2006;
Mohadmadipour et al., 2009) and saprophytic yeéBtshia spp., Candida spp. and
Kluyveromycesspp.; Hua et al., 1999; La Penna et al., 2004¢ lelso been shown to

possess some kind of effect Anflavusgrowth and AF production.
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It has also been shown that non-aflatoxigéhidlavushave an effect of competitive
exclusion towards aflatoxigenic isolates (Cotty &yBhan, 1993; Cotty, 1994).

2.1.6.4 Control measures

In contrast to many crops, tree nuts undergo mihonaery light processing, such
as blanching, and the majority of the crop is tchded consumed as whole or shelled nuts.
Any subsequent processing, such as incorporatimnbaked goods, is performed by the
buyer or ultimate consumer after AF analysis hasnbgerformed. There is thus little
opportunity to reduce AF levels by artificial mearsd natural methods must therefore be
found. Preventing AF accumulation in crops can beieved by either controlling the
fungus or controlling AF production, via the useanfy of several measures alone or in
combination, in pre- or post-harvest stages of petidn (Campbell et al., 2003; Cleveland
et al., 2003; Munkvold, 2003; Strosnider et alQ&@0

Pre-harvest control measures

The general strategy for pre-harvest AF controlhmeés is to alter the conditions
under which the crop is grown so that infectiorav®ided. Any management practice to
maximise plant performance and decrease plantsstsls decrease AF contamination
(Payne, 1998). The most immediate cultural measoohsde tillage practices, fertilization
regimes, crop rotation, proper plant density, plantlate, and irrigation (Wu et al., 2008).
None of these apply to the cultural practice oé tneits, and these measures have mostly
been applied to annual crops such as maize anduggedadince AF contamination in
almonds has been strongly associated with damdlgetad by specific insects (Schade et
al., 1975; Schatzki & Ong, 2001; Campbell et a0pZ Whitaker et al., 2010), insect
control could also be an effective control measiaiso, AF is a bigger problem in plants
under stress, and can be reduced by lowering ptaeds, mainly by irrigation in drought
periods. Because irrigation and the applicatiorfunigicides and insecticides in almond
and chestnut orchards is not in equation, cultstedtegies are probably reduced to
harvesting under dry conditions and immediatelgrafiuts have fallen from the tree.

The nature of tree nut harvesting and processingchwinvolves considerable

potential for spreading of fungal spores and ARsubghout the lots, mandates that the

38



Chapter 2 Literature Review

most effective method of control would be to pravekF formation by the nuts

themselves, through the use of cultivars more tasigo fungal infection or with natural
products in their composition which confer natuesistance to fungal infection and/or AF
production.

Because chemical control procedures for mycotoxontamination are not
economically feasible for most crops, interest tsxier developing effective biocontrol
agents to decrease mycotoxin contamination. Effams the biological control of
aflatoxigenic strains of\. flavusand related species are in progress and invokeise of
atoxigenic strains as biocompetitors of toxigeni@ias (competitive exclusion; Cotty,
1994; Cotty & Bhatnagar, 1994). Inoculating cropghvatoxigenicA. flavusstrains has
been found to effectively inhibit AF production fields of cotton (Cotty, 1994) and corn
(Abbas et al., 2009). Wu et al. (2008) analysedrétation cost/benefit of using this type
of biocontrol, and concluded that only in regiomsl &rops with high AF contamination
levels this control measure is advantageous forptieglucer. Also, care must be taken
because\. flavusproduces other toxins besides AFs. The strategggiofy microorganisms
native to tree nut orchards as biological contgards has also resulted in the identification
of a number of already mentioned organisms witleatffagainst aflatoxigenic fungi
(Calistru et al., 1997; Hua et al., 1999; La Peebal., 2004; Palumbo et al., 2006;
Mohadmadipour et al., 2009) but there are no recordthe use of such organisms in field
trials.

As previously mentioned, different cultivars shoiffedent susceptibility té. flavus
and AF accumulation. The conversion of orchards mmore resistant cultivars is one
possible measure of control. Breeding for resisgaiocAF contamination is underway in
almonds (Campbell et al., 2003).

Post-harvest control measures

Post-harvest handling of crops offers additionallleimges, but also vital chances to
minimise the ultimate AF levels. Nuts may be atetky fungi in the field which can then
rapidly develop and produce mycotoxins during gjeravhen conditions are suitable.
Contamination withA. flavus and subsequent production of AFs during storage is
considered one of the most serious safety probkanesighout the world, mainly in hot

and humid regions.
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To reduce or prevent production of mycotoxins irispulrying should take place
soon after harvest and as rapidly as feasible.cfitieal water content for safe storage of
nuts (except chestnuts) corresponds {ooh about 0.7, or relative humidity below 80%
(Arrus et al., 2005). Problems in maintaining arcqdtely low @ often occur in the
tropical and subtropical regions where high ambikamidity makes the control of
commodity moisture difficult. Fungal control in std nuts with high perishability
(resulting from high @) like chestnuts usually requires a short periodugferficial drying
followed by anti-fungal chemical treatments and toaled atmospheres in terms of
relative humidity, temperature and g€ncentration (Mignani & Vercesi, 2003).

The higher value nut and nut product consists efstielled kernel, whereas in-shell,
blanched (seed coat removed), sliced, diced, graunchinced products have reduced
market value. Highly processed products are onlyakde when integrated in high quality
products and delicatessen. Otherwise, they arellygu@acessed from low quality raw
material. As an example of this, two surveys orcessed Californian almonds (Schade et
al., 1975; Schatzki, 1996) showed that AFs werendoassentially on diced or ground
material, probably as a result of integrating dastagimonds, either by lack of sorting or
to hide damages. It has been shown that removisidplyidamaged nuts by hand- or
mechanical-sorting before processing significantlyuces AF contamination of processed
almonds, by reducing the number of potentially aarnihated nuts that enter subsequent
processing steps (Schade et al., 1975).

AFs are chemically extractable with solvents, Imig method, although effective, is
not economically practical. Heat treatment, radiatand ammoniation may also reduce,

but not eliminate, AFs (reviewed in Klich, 2007).

2.1.6.5 Occurrence of aflatoxigenic fungi and aflatoxins imuts

Bayman et al. (2002) report the identification 828A. flavusand 7%A. tamariiin
field-collected and store-bought Californian almsnith store-bought almonds from Saudi-
Arabia, A. flavusconstituted 98% of thElavi population, the rest beiny tamarii (Abdel-
Gawad & Zohri, 1993). In other substrates, Vaamoetleal. (2003) registered the
predominance oA. flavusin field-collected peanuts (55%) and wheat (7580 soybeans

from local markets (96%) in Argentina. The remagniisolates wereA. parasiticus
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Similarly, Barros et al. (2003, 2005) analysed peamowing soil from Brazil and
identified 73%A. flavusand 27%A. parasiticus Razzaghi-Abyaneh et al. (2006) detected
88% A. flavus 3% A. parasiticusand 9%A. nomiusfrom Iranian corn fields. From corn
fields and field-collected corn, Wicklow et al. &% detected 729%. flavusand 28%A.
parasiticus Atehnkeng et al. (2008) analysed corn from Nmemd detected more than
90% A. flavusand only reduced numbers Af tamariiandA. parasiticus In cotton from
the USA, Cotty (1997) registered that flavusand A. tamarii accounted for more than
95% of allFlavi and thatA. parasiticusandA. nomiusoccurred at very low frequencies.
Also, a comprehensive study on the distributio®spergillussectionFlavi from soil and
litter (Klich, 2002b) has demonstrated that flavuswas the most commonly isolated
species worldwide, and thét parasiticuswas reported only rarely for the majority of
biomes and latitudes. In the same stullytamarii was found more frequently thak
parasiticuseven from cultivated biomes. Other studies haveneneported the complete
absence oA. parasiticusin Brazil nuts collected from processing plamtderu (Arrus et
al, 2005a) and in stored peanuts (Nakai et al.8pQffocessed coffee beans (Batista et al.,
2003), and store-bought white sultanas and drgsl (lamanaka et al., 2007) from Brazil.
Sanchez-Hervas et al. (2008) detected an incredliply percentage d&. tamariiisolates
(44%), being the rest of the isolatsflavus

From the studies on the analysis of AFs on almorie®, have reported AF
contamination of these nuts. Schade et al. (197&lysed 74 samples of unsorted, in-shell
Californian almonds and found that 10 (14%) werataminated with 14.8 pg/kg (total
weight, kernel plus shell) total AFs, ranging frdnto 107 pg/kg. Schatzki (1996) reported
that 80% of 1547 almonds with different types obgassing were contaminated, but at
very low levels, averaging 0.67 pg/kg. Abdel-Gawadohri (1993) and Abdulkadar et al.
(2000) analysed various nuts marketed in Saudi iArabd Qatar (no origin reported),
respectively, and found that none of the in-shell ashelled almond samples were
contaminated. AFB(95 ng/kg) and AFB(15 ng/kg) were found in one sample of almonds
from Spain by Jiménez & Mateo (2001). Only tracé#\Bs were associated with whole
almonds from Morocco (Bottalico & Logrieco, 2001).

There are few reports on chestnuts contaminatidin meiycotoxins. Abdel-Gawad &
Zohri (1993) analysed a wide range of mycotoxinshastnuts strongly contaminated with

Fusarium PenicilliumandAspergillus and detected ARBand AFG in 3 of the 5 samples
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analysed, ranging from 20 to 60 pg/kg. On the otterd, Overy et al. (2003) detected
significant contamination of Canadian chestnutfiwitnycotoxins, chaetoglobosins A and
C, emodin, OTA and penitrem A, associated withrtigst prolific penicillia, but no AFs
were detected.

AF contamination of other nuts is usually highearththat of almonds. AFs were
found in 4 of 11 samples of pistachios from Si€uyp to 45 pug/kg of AFBand AFG), in
three out of seven samples from Greece (up to &g AFB,, AFB,, AFG;, and AFG)
and in three out of six samples from Turkey (ud®@ pg/kg of AFB, AFB,, AFG;, and
AFG,) (Barbagallo & Russo, 1999). Abdulkadar et al.Q@0detected contamination in
20% of in-shell pistachios, 52% of shelled pistashand 33% of in-shell peanuts, with
total AFs ranging from 0.53 to 289 pg/kg. AFBs waeletected in all contaminated
samples, whereas only 7% of the pistachio sampére wontaminated with low levels of
AFGs. In peanuts from Kenya, Mutegi et al. (2008jedted that 36% of the analysed
samples were contaminated with AFs, but only a lspraportion (7.5%) reached levels
> 20 ng/kg. The highest level detected was 752&guig/

2.1.7 Determination of mycobiota in nuts

2.1.7.1 Detection and enumeration of fungi

The methods for examination of the mycobiota ofdfodave been originally based
on bacteriology or medical mycology. But bacteried daauman pathogenic fungi grow
optimally on media with highyaand low carbohydrate content, whereas foodborngifu
which are typically saprophytic, usually prefer tveact opposite conditions (Samson et
al., 2004a). For that reason, in the last decaffegshave been put in the development
and standardisation of techniques for food mycalaigiexamination (Hocking & Pitt,
1980; Beuchat, 1992a, 1992b; Frandberg & Olsen9;10%&uda et al., 2000; Frandberg et
al., 2003; Bueno et al., 2004; Samson et al., 2004a

The dilution plating or colony forming units (CFld)ethod is one of the commonly
used techniques for the examination of foodbormegituHomogenising of the samples,
preparing 10-fold dilutions and surface spreading different agar plates are the
characteristic steps of this method. After incutratithe resulting colonies are counted and
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analysed. But sensitivity and reproduction of thleshnique may be restricted by the
method of homogenisation, by the hydrophobic serfatfungal spores and by the fact
that mycelium homogenisation is impossible.

Direct plating is considered the most effectivehteque for the mycological
examination of particulate foods such as nuts (Buetnal., 2004; Samson et al., 2004a).
The results of this analysis are usually expressedercentage of infected particles. The
method does not provide information on the numligropagules infecting each patrticle,
but is gives an accurate idea of the level of cmirtation.

In the case of cereals and nuts, a surface disiafewith chlorine or ethanol before
plating is usually recommended, to allow the enatien of the fungi effectively invading
the food (Pitt & Hocking, 1997; Bueno et al., 2008amson et al., 2004a). The
differentiation between species which are only @néss superficial propagules and those
which are effectively contaminating the food (iretbase of nuts, the edible part of the
fruit) is considered of major importance, sinceyottie latter are taken as associated
mycobiota. In general, numerous propagules areeptess superficial contaminants, since
they are part of the normal environmental mycobibta only rare fungi are able to infect
the substrate. Numerous studies have compared yeebmota from surface disinfected
and non-disinfected foods, and generally reportstgaificant decrease of overall fungal
contamination after treatment (e.g. Joffe, 1969rBan et al., 2002; Batista et al., 2003),
showing that contamination is largely superficial.

To our understanding, there are some problemsecklad surface disinfection of
nuts. One of them is that fungi are not equallysges@ to disinfection treatments. Some
species ofAspergillus namely A. flavus and A. parasiticus appear to be extremely
resistant to surface disinfection with chlorine {&a& Burroughs, 1986; Andrews, 1996).
On the other hand, extreme conditions of treatmattt chlorine and 70% ethanol can lead
to some inactivation of internal mycobiota (SaueB&roughs, 1986). Also, Bayman et al.
(2002) reported that, in a few cases, incidenceedfain fungi increased in almonds after
disinfection. They concluded that superficial myiotd probably inhibited growth of those
fungi on agar in non-treated almonds, and that réraoval of surface contaminants
allowed them to grow out. In fact, surface disitif@e necessarily alters the equilibrium

naturally established between fungi, and some fuhgt under natural environmental
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conditions would not have the competitive ability grow and produce spoilage may
become dominant, and apparently problematic, ulatberatory conditions.

Exceptions to generalised surface disinfection aceeptable whenever surface
contaminants become part of the downstream myahaod potentially influence the
quality of the final product. In such cases, Sanmetoal. (2004a) recommend that foods are
investigated with and without surface disinfectidm.those cases where the product is
going to be subject of long term storage or prdogsst is wise to contemplate the overall
fungal contamination of foods, even if they are iné&cting the foods at the moment, since
environmental conditions may evolve to become gmpate for a rare fungus to outgrow
others and produce spoilage in downstream staga®dbiction.

Under laboratory conditions, all culture media segective to some degree, making
mycological examination of any food matrix highlgmbndent on the culture media used
for plating. The general medium recommended fogélinsolation from dry foods with
aw < 0.90 is Dichloran 18% Glycerol agar (DG18; Haaki& Pitt, 1980), not only because
of its low gy but also because dichloran controls the colonyeldgwment of fast growing
fungi (Eurotium species,Mucoraled with less inhibition of the development of more
slowly growing species. Other media generally usedungal surveys from foods are
Dichloran-Rose Bengal Chloramphenicol (DRBC, Kirtgak, 1979) for less xerophilic
fungi (foods with g > 0.90), and Malt Yeast 50% Glucose agar (MY50@&;&Hocking,
1997), for extremely xerophilic fungi (foods witly & 0.70).

Malt Salt Agar (MSA,; Christensen, 1946) with varyiconcentration of salt (usually
6% to 10%) has also been used in fungal surveysnlynavhen Aspergillus and
Penicillium from low gy substrates were the central interest of the stu@leffe, 1969;
Phillips et al., 1979; Hocking & Pitt, 1980; Puroet al., 1980; Ackermann, 1998; Bayman
et al.,, 2002; Samson et al., 2004a; Kaaya & Kyamgie, 2006; Medina et al., 2006).
Hocking & Pitt (1980) tested DG18 and MSA mediafongal surveys from several dried
foods and, in most cases, DG18 produced slightijpdn counts than MSA. In fact, the
medium used for fungal surveys is determinant far type and frequencies of fungi
detected, and this fact should be taken in corsiier when results from different studies
are compared. As an example, Abdel-Gawad & Zol898) counted fungal contaminants
from 6 different types of nuts using two differenedia: glucose-Czapek-Dox, with high

aw, and DG18, with low @ Besides different counts, these authors alsartegpdhat some
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species were only detected in one of the mediayassthe case of the highly xerophilic
Eurotium species (which correspond to the teleomorphice stditspecies from section

Aspergillug, whose detection was limited to DG18.

2.1.7.2 Fungal isolation and identification

Having detected or made total counts of fungi indf@amples, identification to the
genus or species level is usually the followingpsteor that matter, pure cultures must be
prepared in the appropriate isolation and ideraifan media. Isolation media should be
adapted to the characteristics of the fungus tasbkated, in order to achieve typical
growth and sporulation that aid the identificat@minthe group or genus level, but it must
also support the growth of various species in otdeletect contaminants. The inoculation
must be done by streaking, since point-inoculatidlhnot allow contaminants to clearly
develop (Samson et al., 2004a). Pure cultures teedd further transferred for specific
media, usually more than one, for sub-generic itleation. Care should be taken in the
preparation and plating of identification mediancg variations in media formulae,
ingredient quality and poured volume will influen@engal morphology (Okuda et al.,
2000). Table 2.2 summarises the media used faatisal and identification of some of the

fungal genera usually found in nuts.

Table 2.2 List of media used for isolation and identificatiof some of the fungal genera usually
found in nuts (Samson et al., 20044; Klich, 20023;
http://www.cbs.knaw.nl/service/foodmedia.aspx, ased 10.09.2010).

Genus or group Isolation media Identification media
Aspergillusspp. DRYES, DYSG, DRBC, DG18| CZ, CYA, MEA, CY20SREA
Penicilliumspp. DRYES, DYSG, DRBC, DG18| CZ, CYA, MEA, CREA
Fusariumspp. CZID, TWA PDA, PSA, SNA

Xerophilic species (except | DG18, MY50G MY50G

Eurotiumspp.)

Eurotiumspp. CY20S, M40Y CZz20S, CY20S, MEA20S
Alternaria spp. MEA MEA (20 °C)
Cladosporiumspp. MEA MEA (20 °C)
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2.1.7.3 Detection and enumeration of aflatoxigenic fungi

Various media have been developed for the rapiegesing of aflatoxigenic fungi. In
these media, fungi can be directly detected areffamerated by dilution plating or direct
plating of the sample. Aspergillus flavus and péias Agar (AFPA; Pitt et al., 1983) is
the medium most widely used for the purpose, arsdbde®n recommended by Samson et
al. (2004a). AFPA evolved from the Aspergillus Bintial Medium (ADM) developed
by Bothast & Fennell (1974, in Samson et al., 200dad is used for the detection of the
common aflatoxigenic speciel.(flavus A. parasiticusand some related species), as they
are easily differentiated from other species byrthaght cadmium-orange reverse. AFs
are not produced in these media, but they areateticby the production of a Ferri chelate
of aspergillic acids. Other less common media R®SAB (Rose Bengal Streptomycin
Agar with Botran) (=Dichloran) proposed by Bell &dawford (1967, in Samson et al.,
2004a), M3S1B (Medium with 3% Salt and 1 ppm Bofrasubated at 37 °C) proposed by
Giffen & Garren (1974, in Samson et al., 2004a)ehalso been developed based on the
fact that aflatoxigenic species also produce asiiergcid (Samson et al., 2004a).

Since AFs are not produced by all strains of adigtenic species, various simple and
rapid methods have been developed that detectosfig@nic strains by the direct
visualisation of AFs produced in the culture mediuta Vogel et al. (1965) described a
complex medium containing saccharose, various salth aqueous extract of AF-free
peanuts, in which AFs fluoresced bright blue aébgposure to short UV radiation (350 to
370 nm). Hara et al. (1974) described a similarleéss laborious medium containing corn
steep liquor, named AF-producing-ability (APA) meaii. Lin & Dianese (1976) described
a coconut-based medium (CAM; Coconut Agar Mediuwhich was later improved by
others (Davis et al., 1987; Lemke et al., 1989; D§eMcCammon, 1994), which was
simpler and faster than the previous. In these ajeflirs diffused into the medium and
fluoresced blue under long UV light. Yabe et aB8T) reported another simple method
based on UV photography. Saito & Machida (19999 akported a rapid method where
colonies from aflatoxigenic strains cultured forotwlays on AF-inducing media turned
pink when exposed to ammonia vapour. Ordaz eR8D3J) described a rapid and reliable
method where production of AFs in yeast extractragedium supplemented with

methylatedp-cyclodextrin and sodium desoxycholate was deteafezt three days by a
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yellow ring observed under UV light. An innovatiamalytical methodology based on a
similar culture medium was presented by Rojas-Dwtaal. (2007), but in this case AFs
were detected by using a fibre-optic luminometeat tmeasured the room temperature
phosphorescence (RTP) emitted by AFs.

A different approach involves the isolation of fnagi from general isolation media
(as described earlier) and their growth under dmr that are known to be inducive of
AF production, like carbohydrate-rich or fat-ricredia (usually Yeast Extract Saccharose
(YES) or CAM). After a period of incubation, AFseaextracted from the medium using
appropriate solvents (usually methanol) and ardysed by analytical methods such as
thin-layer chromatography (TLC) or high performanmpid chromatography (HPLC)
(Samson et al., 2004a). This approach is more eiperand time-consuming than the

previous, but is also more accurate.

2.1.8 Determination of aflatoxins in nuts

The fact that most mycotoxins are toxic at very kmamcentrations requires sensitive
and reliable methods for their detection. Furtheenas regulations become more and
more restrictive, requirements for adequate sampéind analytical methods are also
imposed. As a consequence, mycotoxin analyticahoust need to have low limits of
detection, be specific to avoid analytical integfezes, be easily applied in routine
laboratories, be economical for the laboratory lmed and provide a confirmatory test for
the analyte of interest (Shephard, 2008). Samgimdy analysis are of critical importance
since failure to achieve a satisfactory verifiedalgsis can lead to unacceptable
consignments being accepted or satisfactory onieg loemnecessarily rejected. Due to the
varied structures of these compounds, it is nosipts to use one standard technique to
detect all mycotoxins in any given matrix, as edghomium mycotoxin/matrix will
require a different method. Therefore, dependindhenphysical and chemical properties
of both mycotoxin and matrix, procedures have todbeeloped and optimised around
existing analytical techniques.

Mycotoxin analysis in food and feed is generallynaltistep process comprised of
sampling, sample preparation, toxin extraction fittw@ matrix, extract cleanup and finally
detection and quantitative determination. The arelymethods for the determination of
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mycotoxins, and particularly AFs, in food have bestensively reviewed (e.g. Jaimez et
al., 2000; Krska et al., 2005; Shephard, 2008, 2B8@#er et al., 2009; Turner et al., 2009).

We will briefly address to the various strages rudlgsis.

2.1.8.1 Sampling

Sampling can be taken as the operations that, exppti a lot of an agricultural
product, lead to a laboratory sample of a workai#e (some hundreds of grams to some
kilograms). This laboratory sample is in turn salbapled to a portion that will be assayed.
It is, therefore, crucial that the final samplenfravhich the assay portion is sampled is
truly representative of the initial lot. In praaicthe overall objective of good sampling is
to provide samples which represent the true myégotosntent of an inspected lot.

Sampling plans are particularly relevant in foods@mmodities where it is known
that the contamination can be heterogeneouslyiloliséd. Numerous studies have been
directed to the optimisation of sampling plans ofsn cereals and dried fruits, namely AFs
in peanuts (Whitaker & Dickens, 1989; Whitaker & 4994a, 1994b, 1995, 1996),
almonds (Schade et al., 1975; Schatzki & Ong, 201; Whitaker et al., 2010),
pistachios (Schatzki, 1995a, 1995b; Schatzki & P&86; Schatzki & Toyofuku, 2003;
MacArthur et al., 2006), and maize (Whitaker & Dadls, 1983; Jewers et al., 1988). These
studies conclude that more than 90% of the erreoa@ated with mycotoxin assays is
attributed to sample collection. The AF distributiamong individual kernels is found to
be extremely skewed: a very small percentage ofkéraels in the lot is contaminated
(‘hot spot’), and the concentration on a singlenkéican be extremely high (e.g. Schade et
al., 1975; Schatzki & Toyofuku, 2003; Ozay et 2D06). Schade et al. (1975) estimated
that only one in 30,000 almonds are contaminated,tftat same almond can develop
extremely high levels of AF contamination. It isetefore not uncommon to find two
samples from the same lot giving extremely différegsults in terms of contamination
levels, even for big samples (Schatzki & ToyofuldD03). Because of this extreme
mycotoxin distribution among individual kernels ancontaminated lot, it is easy to miss
the contaminated kernel with a small sample anceresiimate the true concentration in
the lot. But if the test sample contains one oremtughly contaminated kernels, then the

test sample will overestimate the true mycotoxintamination in the lot. Even with the
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use of proper sample selection techniques, thati@m among test sample concentrations
Is inevitable. On the other hand, when almondsstjeed, diced or ground, potentially
contaminated nuts can be integrated in this proeggkcontamination gets dispersed more
homogenously in the final processed product.

Because of variability among sample test resultgcatoxin concentrations in lots
can never be determined with 100% certainty (vamd&gl et al., 2007), which means that
lots cannot be classified unambiguously based wpgualatory limits even when samples
are taken correctly from a lot. The problem of shngphas been addressed by the
development of sampling plans, which are based tatisscal evaluations to balance
consumer protection (by not accepting contaminéits) and producer protection (by not
rejecting clean lots). Such plans are a comprorbéete/een the statistical need for large
samples and the practicalities and costs of susiples. Based on scientific studies, EU
has produced the Commission Regulation (EC) No/200b, recently amended by the
Commission Regulation (EC) No. 178/2010, which lds&thes sampling plans for nine
different groups of food commodities. These EU tations enforce sampling plans that
mandate sample weights that can go up to 30 kgeraipg on the lot size. This raises
guestions on how laboratories should prepare amdobenise such large samples for
chemical analysis. For that matter, the sample rfitst be homogenised and then an
aliquot (or subsample) must be taken for analy$gse the determining factor for variance
is the subsample size, as well as the particledfitiee grind (Schatzki & Toyofuku, 2003;
Spanjer et al., 2006). It is generally accepted faaticle size plays a major role in the
expected variance: the smaller the patrticles, thallsr the variance. The subsampling
variance may be as much as 10 times that of asalgisepending on the fineness of the
grind (Schatzki & Toyofuku, 2003).

2.1.8.2 Aflatoxin extraction from food matrices

Analytical methods require that AFs be extractemfrthe solid food into a liquid
phase. This is done to obtain further isolatiortha toxins in sufficient concentration to
allow their detection. The assumption inherent m extraction procedure is that the

mycotoxin will be efficiently extracted from thelgbphase of the mixture. The extent to
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which this assumption is valid will be reflected time recovery rate of the extraction
procedure.

The complexity of food matrices can lead to serimisrference during analysis of
mycotoxins. Therefore, a large number of procedioeshe extraction and purification of
selected classes of mycotoxins from a variety afdfanatrices has been developed.
Parameters of importance in mycotoxin extractiom solvent type and composition of a
mixture, solvent to sample ratio, type of matrixgtraction method and physical
aggregation of the sample.

Mycotoxins are polar compounds, so they are pakytextracted by a range of
polar solvents or mixtures of solvents. In the ipatar case of AFs, traditional methods
relied on chloroform extraction, but due to thetcasd environmental implications of
chlorinated solvents, that solvent has been regldye aqueous mixtures of methanol,
acetonitrile or acetone (Shephard, 2009). Invetstiga of optimal extraction solvents for
AFs from a range of matrices highlighted a seriepatential problems which need to be
considered. As a start, optimum extraction efficienequires the analytical sample to be
ground to a fine powder (Schatzki & Toyofuku, 20@&hanjer et al.,, 2006). Also, the
extraction of very dry materials (as is the casauwst) can lead to a variability associated
with water uptake by the dry matrix, an effect tdapends on factors such as the matrix,
the organic solvent and its ratio in the agueousaetant and the solvent-to-sample ratio
used for the extraction experiment (Shephard, 2008 most common procedure to
address water uptake by the matrix is the additbrsodium chloride to an aqueous
methanol extraction.

The physical process of extraction is generallyi@ad by shaking of the matrix and
extractant or by blending with a homogeniser fahart time period. Other methods have
been investigated, like pressurised liquid extaac{e.g. Campone et al., 2009; Sheibani &
Ghaziaskar, 2009), but the results have not jestifthe cost of adopting this

instrumentation in place of simple shaking.

2.1.8.3 Extract cleanup

The extracts of most matrices are unsuitable foectlianalysis due to the large
number of co-extracted impurities that mask thdyaigal signal for the target analyte and
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consequently increase the limit of detection. Tfeeee for the majority of the analytical
methods, the subsequent purification of the extracilso required. For this purpose,
several methods have been applied. Traditionalgnup of extracts is accomplished by
using solid-phase extraction (SPE) columns pre-géakith various stationary phases like
silica or Fluorisil (Castro & Varga, 2001; Sobole2Q07). In some cases, the analyte is
retained on the columns while impurities pass thhoand are washed off. The analyte is
then selectively removed by rinsing with the adeégusolvent. In other cases, the SPE
columns are designed to trap impurities and petmitanalyte to pass through.

The development of antibodies raised against iddali mycotoxins led to the
introduction of immunoaffinity columns (IACs; Trus&ss et al., 1991), which is currently
the most widely used type of SPE column for extdeanup (e.g. Stroka et al., 2000;
Schatzki & Toyofuku, 2003; Yang et al., 2005; Cgsto et al., 2006; Kaaya &
Kyamuhangire, 2006; Yentur et al., 2006; Muscaretlal., 2009), since IACs have been
commercially developed for most of the major mygaots. In this method, specific
antibodies are immobilised on a gel contained small column. The antibodies on the
column will recognise and bind the specific mycatsxs) and allow impurities to pass
through the column. The mycotoxin is eluted witlsraall amount of methanol, which
denatures the antibody and releases the boundt@naly

The advantages of the IACs over other cleanup ndsthece the effective and specific
extract purification provided, the economic useoofjanic solvents and the improved
analytical performance achieved with cleaner samff#ephard, 2009). The use of these
columns is, however, not completely devoid of peots: the complex matrices contain
thousands of compounds, some of which may be alilgdrfere with the antibodies, thus
limiting the capacity for the adsorption of the itgxand the composition of the matrices
may interfere with the toxin structure making it extractable and/or not recognisable by

the antibodies (Castegnaro et al., 2006).

2.1.8.4 Separation and detection

AFs are low molecular mass compounds which possgs#ficant UV absorption
and fluorescent properties. For this reason, ligsegaration techniques coupled with
fluorescence detection have predominated in theatyais. The most disseminated ones
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include thin layer chromatography (TLC; da Silva at, 2000; Stroka et al., 2000;
Castegnaro et al.,, 2006; Kaaya & Kyamuhangire, 200&kai et al., 2008; Singh &
Shukla, 2008) and reverse-phased high-performargqpgd!| chromatography (HPLC)
coupled to fluorescence detector (FLD; e.g. Maho&eRRodriguez, 1996; Schatzki &
Toyofuku, 2003; Yentlr et al., 2006; Ardic et &Q08; Sobolev, 2007; Campone et al.,
2009; Muscarella et al.,, 2009; Shah et al., 20Mljernative methods based on
immunodetection, like enzyme linked immunosorbesdags (ELISA), have also found
widespread application in AF analysis (e.g. Lesmskg et al., 2000; Arrus et al., 2005;
Mutegi et al., 2009).

TLC and ELISA are perhaps the simpler and most lideed techniques for both
qualitative and semi-quantitative monitoring of rotaxins, and they are useful for
screening and routine analysis of large numbegaoiples. They do not require expensive
equipment or highly trained handling, but they a@lso less accurate and sensitive
techniques. Although ELISA methods are extensivslgd for rapid qualitative and semi-
quantitative screening of AFs, they are not usefydroviding a definitive confirmation of
the toxins and an accurate quantitative deternungiMuscarella et al., 2009), since they
have not been validated at sufficiently low levaitgl are limited in the range of matrices
tested (Gilbert & Anklam, 2002). Still, ELISAs avddely used for mycotoxin diagnosis
due to the availability of test kits for field ugm practically all relevant mycotoxins. On
the other hand, TLC has been found to result inenprecise and consistent data than
ELISA (see Lin et al., 1998, for a review on TLCthuls). Yet, the present trend is the
use of HPLC for the determination of AFs due todkgracteristics of specificity, high
sensitivity and simplicity of operation. Additiomgl chromatographic determination
allows for the quantification of each toxin indivaly. This is particularly important for
food analysis where the determination of AF8required.

Because AFs are naturally strongly fluorescent, HiIRL.C detection is most often
achieved by application of fluorescent detectiont,Bn the aqueous mixtures used for
reverse-phased chromatography, the fluorescenc&F&f;, and AFG are significantly
guenched (Muscarella et al., 2009), and they areired to be converted into more highly
fluorescent derivatives, namely their hemiacetdf8A and AFG,. Several derivatisation
methods are available, including pre-column deisation with trifluoroacetic acid (TFA)
(e.g. Trucksess et al., 1994; Doster et al., 1986&tegnaro et al., 2006; Yentur et al., 2006;
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Shah et al., 2010) and post-column derivatisatioin vodine (e.g. Yang et al., 2005;
Waltking & Wilson, 2006) and bromine (Kobra cellgeFreire et al., 2000; Schatzki &
Toyofuku, 2003; Waltking & Wilson, 2006). Howevehese methods are laborious and
present a number of disadvantages, such as hantikig reagents, instability of the
derivatives and low reproducibility (Muscarella at, 2009). In 1993, a photochemical
derivatisation technique was introduced in AF asialy(Joshua, 1993). This method
consists of passing the HPLC eluate through a imraaoil wound around a UV light
(photochemical reactor, PHRED) at ambient tempegatwhich causes the hydration of
AFB; and AFQG to their respective hemiacetals. Recently, a bolative study
demonstrated that the PHRED system is equivalerthéoiodination and bromination
official AOAC procedures (Waltking & Wilson, 2008)ith the advantages of being able
to obtain reproducible results with simple sampieppration and less chemical waste.
Since then, the technique has been preferentipiiieal (e.g. Sobolev, 2007; Muscarella et
al., 2009; Rodrigues et al., 2009; Soares et @L.0p

In the last years a variety of multi-mycotoxin mads has been reported, showing
the special interest for high-throughput multi-migoon routine analysis. These methods
are mostly liquid chromatography (LC) coupled tossmapectrometry (MS), and they
allow the simultaneous separation and detectiaallatlevant mycotoxins in a single run,
without the need for complex extraction/purificatiand derivatisation procedures (e.g.
Sagawa et al.,, 2006; Ren et al.,, 2007; Sulyok et28l07, 2010; Spanjer et al., 2008;
Santini et al., 2009). The problem with the multantoxin methods is the incomplete
extraction/purification and the high limits of detien of at least some of the analytes, and
for that reason these are mostly semi-quantitaigghods (Koppen et al., 2010).

The use of matrix-laser assisted laser desorptomzation time-of-flight mass
spectrometry (MALDI-TOF MS) has also been descrifmdthe high throughput of AFs
(Catharino et al., 2005), by using a UV-absorbmga liquid as matrix.

Table 2.3 lists some of the methods applied to Afdysis in almonds and chestnuts,
as well as recovery rates, limit of detection (LODMit of quantification (LOQ) and

repetibility standard deviation (RPwhenever reported.
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Table 2.3 List of the methods applied to AF analysis in @htls and chestnuts, as well as recovery ratestsliofi detection/quantification
(LOD/LOQ) and repetibility standard deviation (R$Dr

Matrix Extraction Cleanup Separation Detection AFs Spiked levels LOD LOQ Recovery RSD; (%) Reference
Mobil phase (ng/g) (ng/g) (ng/g) (%)
Almonds Chloroform/ Diatomaceous TLC Gold - - - - - - Schade et al.,
Diatomaceous earth - fluorescent 1975
earth light
Almonds/  Chloroform Chloroform/  TLC UV light - - 5 80 - Abdel-Gawad
/Chestnuts silica gel Chloroform:metanol & Zori, 1993
column/ (97:3)
n-hexane/

diethyl ether

Almonds Acetonitrile: Multi-column  HPLC/TFA FLD Total 5-30 - - 116 16 Trucksess et
water (9:1) - B: 3-15 - - 91-95 9 al., 1994
B, 1-3 - - 88-92 -
G, 2-9 - - 89-103 16
G, 1-3 - - 98-116 -
Almonds Methanol: SPE (not HPLC FLD B, 10 - - 87 6.12 Abdulkadar et
0.1N HCI specified) Water:methanol:acetonitrile B, 25 - - 95 10.93 al., 2000
(74:13:13) G, 10 - - 93 6.97
G, 2.5 - - 89 8.31
Almonds Methanol: Cl8silicagel HPLC/TFA FLD - - - - - - Garcia-
0.1N HCl/ column Pascual et al.,
Methylene 2003
chloride
Almonds Dichloromethane Glass column TLC B, - 0.5 - - - Gurses, 2006
Diethyl ether UV Light

Chloroform:acetone (90:10) H,SO,

(continues)
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Table 2.3(continued)

Matrix Extraction Cleanup Separation Detection AFs Spiked levels LOD LOQ Recovery RSD; (%) Reference
Mobil phase (ng/g) (ng/g) (ng/g) (%)
Almonds Acetone Chloroform; TLC UV light - - - - - - Saleemullah
84% KOH:KCI (1:1) Chloroform:acetone (1:9) et al., 2006
Almonds Methanol Florisil HPLC/PHRED FLD B, 0.5-5 - - 76.2-845 2.1-15 Sobolev,
80% column Water:methanol (63:37) B, 0.5-5 - - 81.7-88.1 3.7-2.1 2007
G, 0.5-5 - - 77.5-83.2 2.4-2.6
G, 0.5-5 - - 77.6-93.7 5.7-1.6
Almonds Acetonitrile PLE HPLC/ PHRED FLD B, 0.5-4 0.03 0.1 81-88 2-8 Campone et
Water:methanol:acetonitrile B, 0.13-1 0.01 0.04 83-90 5-8 al., 2009
(60:20:20) G, 0.5-4 0.06 0.2 76-91 7-12
G, 0.13-1 0.03 0.1 82-87 3-13
Almonds Methanol IAC HPLC/ PHRED FLD B, - 0.08 0.22 - - Muscarella et
80% Water:methanol:acetonitrile B, - 0.02 0.08 - - al., 2009
(55:15:30) G, - 0.16 0.48 - -
G, - 0.04 0.10 - -
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2.1.8.5 Validation of methods

In the analysis of contaminants in food commoditiperformance criteria are
important for obtaining reliable results and latliorigs that perform mycotoxin testing
must assure that the methods used are both acandtprecise. The precision associated
with a mycotoxin test procedure depends on the Bagipsample preparation, and
analytical frequency used to estimate the mycotomimcentration of a bulk lot. Even when
using accepted procedures, random variation isceged with each step of the testing
procedure.

The term “validation” is usually applied to the &wtion of newly developed
methods, or methods that laboratories intend toassalternatives to reference methods,
but laboratories applying reference methods shooldbe exempted of testing their own
ability to implement them correctly by performinig-house validation”. The evaluation of
the validation parameters should be based on teaded use of the analytical method. In
general different parameters such as specificélgcsivity, precision, accuracy, linearity,
range, LOD, LOQ, robustness as well as ruggednesscaommended to be determined.
Methods that are used in routine analyses shouledied in appropriate frequency using
quality control material or certified reference erél to ensure the reliability of analytical
results. Furthermore every method has to be reatalitlif any parameter in the analysis is
changed.

For official control and implementation of mycotoxregulations, a number of
official methods have been validated by interlabmmsa collaborative studies conducted
under the auspices of international bodies sucA@AC International and the European
Standardization Committee (CEN). These organisatiare responsible for the
development of rapid and accurate analysis teclesigand for the validation and adoption
of analytical methods for the enforcement of refjolta The validation process involves
testing within-laboratory repeatability, betweebdeatory reproducibility, analytical
recovery, and limits of detection and quantificati®he official methods for AFs detection
and quantification in almonds have been revieweitlyert & Anklam (2002).

Several publications give profound insight on thatter of analytical method
validation (Thompson, 2000; Gilbert & Anklam, 2002han, 2004; Taverniers et al.,
2004; Ermer & Miller, 2005; Nocentini et al., 2008)
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2.2 The aflatoxin biosynthesis pathway

2.2.1 Genetic and molecular aspects of aflatoxin biosyn#sis

After the discovery that the AF biosynthesis wagutated by a gene cluster (Trail et
al., 1995; Yu et al., 1995; Brown et al., 1996} thosynthetic pathway of AFs has been
extensively studied, and most of the enzymes an@ésjponding genes involved have been
identified. Also, most of their functions have beducidated (e.g. Trail et al., 1994; Yu et
al., 1998, 2000, 2004a, 2004b; Ehrlich et al., 200abe & Nakajima, 2004; Ehrlich et al.,
2005; Wen et al., 2005; Cary & Ehrlich, 2006), wathssible alternative pathways (Detroy
et al., 1973). AF biosynthesis requires at lease@symes and two regulatory proteins
encoded by contiguous genes in an 80-kb clusteie(sed in Yu et al., 2004b). Clustered
biosynthetic genes for fungal secondary metabokse not only regulated by specific
transcription factors, as a global epigenetic antrechanism may be conducted by genes,
beyond the biosynthetic cluster, which are abletulate multiple physiological processes
and the response to environmental and nutritioaetiofs such as temperature, pH, light,
carbon and nitrogen sources (reviewed by Georgi&Rayne, 2009).

The genes involved in the major convertion stepmfearly precursors to AFs and
their funtions are discussed in Yu et al. (2004iese authors have proposed the use of a
three-letter code “afl” to represent AF pathwayegrA capital letter in alphabetical order
from “A” to “Y” represents each individual gene dwmed to be (or potentially be)
involved in AF biosynthesis, e.@flA to aflY for all of the 25 genes (Figure 2.4). Those
genes whose pathway involvement has already bearaailrised and confirmed are
designateaflA to aflQ from the initial conversion of fatty acids to tfeal products, AFs.
aflR and aflS (formerly aflJ) are named for transcription regulators. Thoseegemhose
pathway involvements are ambiguous or remain unéeadesignatedflT, aflU (= cypA,
aflV (= cypX), aflw (= moxYj, aflX (= ordB), andaflY (= hypA.
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Figure 2.4 Clustered genes and the AF biosynthetic pathway.

The gene names proposed by Yu et al. (2004b) aex @n the left of the vertical line
and the old gene names are given on the rightwsrmlong the vertical line indicate
the direction of gene transcription. The ruler at [eft indicates the relative sizes of
these genes in kilobases. Arrows indicate the adiores from the genes to the
enzymes they encode, from the enzymes to the biecsion steps they are involved
in, and from the intermediates to the products e AAF bioconversion steps.
Abbreviations: NOR, norsolorinic acid; AVN, averemtHAVN, 5-hydroxyaverantin;
OAVN, oxoaverantin, AVNN, averufanin; AVF, averufinVHA, versiconal
hemiacetal acetate; VAL, versiconal; VERB, versicol B; VERA, versicolorin A;
DMST, demethylsterigmatocystin, DHDMST, dihydrodehydsterigmatocystin; ST,
sterigmatocystin; DHST, dihydrosterigmatocystin; &M O-methylsterigmatocystin;
DHOMST, dihydro-O-methylsterigmatocystin (Adaptedr Yu et al., 2004b).
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Generally, the AF biosynthesis genesfofflavus A. parasiticusandA. nomiusare
highly homologous, the order of the genes withia ttuster being the same (Yu et al.,
1995; Ehrlich et al., 2005; Chang et al., 2007s0AIAF genes and gene organisatioAin
sojae are most similar to those OA. parasiticus (identity 98-99%). A significant
proportion, but not all, of non-aflatoxigerdc flavusisolates have been found to contain
various deletions in the AF gene cluster (Prietalet1996; Ehrlich & Cotty, 2004; Ehrlich
et al., 2004; Chang et al., 2005, 2006) which am@rmoon to some strains &. oryzae
(Chang et al., 2005, 2006). Also, additional enzyme required for AFGs formationAn
parasiticus The loss of the ability to produce AFGsAn flavusseems to result from a
deletion in the terminal region of the cluster esponding to genedlF (= norB) andaflU
(= cypA (Ehrlich et al., 2004). Several studies confirntkedt separate pathways lead to
the formation of AFBs and AFGs (Henderberg et1#8188; Bhatnagar et al., 1991; Yabe et
al., 1999; Ehrlich et al., 2004).

2.2.2 Molecular differentiation of aflatoxigenic and non-aflatoxigenic strains

Molecular techniques have been widely applied ie #@itempt to distinguish
aflatoxigenic and non-aflatoxigenic strains Af flavusand related species, through the
correlation of presence/absence of one or severaginvolved in the AF biosynthetic
pathway with the ability/inability to produce AF&ome studies have been able to
distinguish these species from other foodborneifand, in some cases, they were capable
of distinguishing aflatoxigenic from non-aflatoxige strains.

The studies by Geisen (1996) and Shapira et ab6)l8an be regarded as the
starting point for PCR-based diagnosis of aflaterig and non-aflatoxigenic fungi.
Geisen (1996) used multiplex PCR with three setprimhers specific for three structural
genes of the AF biosynthetic pathwafiD, aflM andaflO, and was able to differentiate
flavus and A. parasiticusfrom other food-borne fungi, but not aflatoxigeraaod non-
aflatoxigenic strains of the same species. Shagiir@d. (1996) used aflatoxigenic strains
and carried out monomeric PCRs with three diffeisats of primers foaflR, aflO and
aflM genes, but they could only discriminate aflatorigestrains from other moulds.
Farber et al. (1997) detected aflatoxigenic strah#\. flavusin contaminated figs by
performing a monomeric PCR with the same sets iofi@rused by Geisen (1996). Other

59



Chapter 2 Literature Review

multiplex PCR with the AF pathway gena8iR, aflD, aflM andaflO did not produce a
clear pattern that would allow to accurately difieciate aflatoxigenic from non-
aflatoxigenic strains (Criseo et al., 2001). Lealet(2006) detected the differences in the
aflR gene ofA. flavugA. oryzaeand A. parasiticugA. sojae but they were not able to
clearly differentiate the species. Baird et al.0@0tested a different methodology based on
DNA fingerprinting with two consecutive amplificais with arbitrary primers, with
which the majority, but not all, of the aflatoxigensolates was differentiated from the
non-aflatoxigenic.

AF production ability and aflatoxigenic strains fdrentiation have also been
assessed by monitoring AF genes expression inAthigavus group, using the reverse
transcription PCR (RT-PCR) methodology. RT-PCR vadlothe detection of mRNAs
transcribed by specific genes by PCR amplificabboDNA intermediates synthesised by
reverse transcription. Such systems have beeneapgdi monitor AF production and AF
gene expression based on various regulatory andtstal AF pathway genes in
A. parasiticusand/orA. flavus(Sweeney et al., 2000; Mayer et al., 2003a, 2088lerm et
al., 2005; Degola et al., 2007), and were foundewery rapid and sensitive. Scherm et al.
(2005) studied 13 strains of both species and faamsistency of 3 geneaflD, aflO and
aflP) in detecting AF production ability, further indittng them as potential markers.

But, as said, AF biosynthesis is based on a higbipplex pathway. It is thus not
surprising that genetic protocols that can fullifedientiate between AF producers and non-
producers have not yet been successfully establighgthermore, one has to be aware
that some genes are not exclusive of the AF bibgyitt pathway, which could create
false-positives from sterigmatocystin producingdugPaterson, 2006). As an example,
nidulans harbours the complete AF biosynthesis pathway pxtar the final step that

converts sterigmatocystin to AF (Brown et al., 1996
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2.3 AspergillussectionFlavi

2.3.1 A brief overview of genusAspergillus

Aspergillusis one of the most important genera of microfungth many species
having great impact on various fields of inter@stthuman, animal and plant pathogens, as
spoilage agents of food, or as producers of toxetabolites. On the other hand, some of
the most important microorganisms used in food &mations and biotechnology are part
of this genus. It is therefore of major importankat we consider the significance of the
rigor and stability of its taxonomy, in order toégethe taxonomic system practical and
reliable for industrial, economic and regulatorggens.

Aspergillusis an anamorphic genus belonging to the familgfiatomaceae, order
Eurotiales, subclass Eurotiomycetidae, class Eumoicetes, phylum Ascomycota. It is
characterised by a distinctive round to elongapeerglla bearing long chains of conidia,
which gives the fungus its characteristic morphglo§ome members of the genus are
known to reproduce sexually, producing teleomorptisich are invariably cleistothecia
bearing inordinately arranged ascospores in demissei.

As with fungi in general Aspergillus taxonomy is complex and ever evolving.
Classic systematics of genAspergillusand its associated teleomorphs have been based
primarily on differences in morphological and cudtucharacteristics (Raper & Fennell,
1965; Samson, 1979; Klich & Pitt, 1988; Kozakiewid®889). This taxonomic system
gives mostly a rough delimitation of the taxa. kwveral sections of the genus much
morphological variation occurs, resulting in complaxonomic schemes. In the last
decades, the taxonomy of the genus has evolved &mmple morphological species
concept into a polyphasic approach integratingngttmochemical, ecological, genetic and
molecular characters. As methods become more amd samsitive and accurate, species
are constantly being added, re-classified or reéjoosd within the genus (e.g. Peterson,
2000, 2005, 2008; Rigo et al., 2002; Klich et 2003; Samson et al., 2004b; Frisvad et al.,
2005; Hong et al., 2005, 2008; Serra et al., 200@braken et al., 2007; Varga et al.,
2007a, 2007b; Mares et al., 2008; Peterson e2@D8; Pildain et al., 2008; Zalar et al.,
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2008). Table 2.4 lists the most important publmasi released on the taxonomy and
identification of the genus.

Table 2.4 Important taxonomic treatises and identificatiosanuals for the genusspergillus

Year Reference

1926 Thom C & Church M. The Aspergilli (Williams Wilkins, Baltimore, USA)

1945 Thom C & Raper KB. A Manual of the AspergiiWilliams & Wilkins, Baltimore, USA)
1965 Raper KB & Fennell DI. The GenAspergillus(Williams & Wilkins, Baltimore, USA)
1979 Samson RA. A compilation of the Aspergilli daised since 1965 (CBS, Utrecht, The

Netherlands).

1985 Samson RA & Pitt JI. AdvancesRenicilliumandAspergillusSystematics (Plenum Press,
New York, USA)

1988 Klich MA & Pitt JI. A Laboratory Guide to Conun AspergillusSpecies and Their
Teleomorphs (Division of Food Processing, North &yélustralia).

1989 Kozakiewicz ZAspergillusSpecies on Stored Products (CAB International, Wgfibrd,
UK)

1990 Samson RA & Pitt JI (eds). Modern Concep®anicilliumandAspergillusClassification
(Plenum Press, New York, USA)

2000 Samson RA & Pitt JI (eds). Integration of Med&axonomic Methods fdPenicilliumand
Aspergillusclassification (Harwood Academic Publications, Aendam, The Netherlands)

2002 Klich MA. Identification of CommoRAspergillusSpecies (CBS, Utrecht, The Netherlands).

2008 Varga J & Samson RA (edd)spergillusin the genomic era. (Wageningen Academic
Publishers, Wageningen, The Netherlands)

The first complete monograph défspergilluswas written in 1965, by Raper and
Fennell, where they recognised 132 species andiéties (Raper & Fennell, 1965). They
divided the species into 18 informal groups, whitdes not constitute a nhomenclatural
status under the International Code of Botanicalmiioclature (ICBN) scheme.
Furthermore, Raper & Fennell (1965) retained theege nameAspergillus for both
perfect (teleomorphs) and imperfect (anamorphgpstan 1979, Samson listed 90 new
taxa identified since 1965 and compiled the onlya84epted ones (following the ICBN
requisites) according to the group classificatiooppsed by Raper & Fennell (1965).

In an effort to bring some consistency into the ptax taxonomy of the genus, and

also in line with the ICBN, the groups were revised given formal taxonomic status as

! Fungi are the only organisms that depart fromafrthe basic rules of biological nomenclature, that each taxonomic group can bear
only one correct name. Since 1905, the BotanicaeQuhich governs the naming of plants and fung§ allowed two different names
to be applied to the same organism, depending athghit is viewed in its sexual or asexual stddreder this system of taxonomic
governance, Article 59 permits dual nomenclatureeWa sexual phase is known, the name for thisepia&es precedence.
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sections, and subgenera were added (Gams et 8b).1&spergillusnames were then

typified by Samson & Gams (1986) and Kozakiewic28@). In 2000, Pitt and co-workers
published a list of accepted species and synonyntke family Trichocomaceae (Pitt et
al., 2000). This list included 204 species accepmtethe Aspergillusgenus (anamorphs)

and associated teleomorphs. In the same year, gdnydtic studies using ribosomal RNA
from 215Aspergillusled Peterson to propose an alteration to the pusvhomenclature,

repositioning the species into 3 subgenera aneditoss (Peterson, 2000).

In a short period of 7 years, Geiser et al. (2d&7¢d another 40 newly identified
species. The latest revision of the genus date20@8, when Peterson and co-workers
(Peterson et al., 2008), based on phylogeneticysisabf multilocus sequence data,
proposed the division of the genus into 8 subgeaedh 18 sections, with 12 associated
teleomorphic genera (Table 2.5). Since then, nuaseather species have been identified
(e.g. Hong et al., 2008; Mares et al., 2008; Pilddial., 2008; Zalar et al., 2008), bringing
the total number ofspergillusspecies to more than 260. Considering that prgiiaiater
than 5% of fungal species are known and identiflédwksworth, 1991), the number of
Aspergillusspecies may ascend to more than 5000. A quickiséarthe Index Fungorum
network site (www.indexfungorum.org) produced, pt&mber 2010, 839 results for the
Aspergillus query. This number includes not only species, 8isb subspecies and
varieties, as well as numerous synonyms (the ndorethe teleomorphic states are not
herein included); nevertheless, this number reflebe difficulties in creating a stable,

workable and reliable taxonomic scheme for the genu
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Table 2.5Taxonomy ofAspergillusat a subgeneric level, as described by variousoasit

Raper & Fennell, 1965 Gams et al., 1985 PetersorQG® Peterson et al., 2008
Subgenus Group Subgenus Section Subgenus Section bgersis Section Teleomorphs
Aspergillus A. glaucus Aspergillus Aspergillus Aspergillus Aspergillus Aspergillus Aspergillus Eurotium
A. restrictus Restricti Restricti Restricti Eurotium
Cervini
Terrei
Flavipedes
Wentii
Flavi
Nigri
Circumdati
Candidi
Cremei
Circumdati A. wentii Circumdati Wentii Circumdati Circumdati Neopetromyces
A. flavus Flavi Nigri
A. niger Nigri Flavi Petromyces
A. ochraceus Circumdati Cremei Chaetosartorya
A. candidus Candidi
A. cremeus Cremei
A. sarpus Sparsi
Clavati A. clavatus Clavati Clavati --- ---
Fumigati A. fumigatus Fumigati Fumigati Fumigati Fumigati Fumigati Fumigati Neosartorya
A. cervinus Cervini Clavati Clavati Neocarpenteles,Dichotomomyces
Cervini
Ornati A. ornatus Ornati Ornati Ornati Ornia Sclerocleista
Nidulantes A. nidulans Nidulantes Nidulantes Nidulantes Nidulantes Nidulantes Nidulantes Emericella
A. versicolor Versicolores Ornati Sparsi
A. ustus Usti Sparsi Usti Emericella
A. terreus Terrei
A. flavipes Flavipedes
Candidi Candidi
- - Terrei Terrei
Flavipedes Fennelia
- - Warcupi Warcupi Warcupiella
Zonati Penicilliopsis
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Aspergillusspecies are traditionally identified by morphotogharacters. The genus
is easily identified by its characteristic conidngpe, but species identification and
differentiation is rather complex, for it is tradially based on a wide range of features. In
fact, the defining characteristic of the genuses aspergillum-like spore-bearing structure.
It is the most important microscopic character usedispergillus taxonomy. During
mycelia differentiation certain cells enlarge, depea heavy cell wall and form ‘T’ or ‘L’
shaped ‘foot cells’ that produce a single conidmmehperpendicular to the long axis of the
cell. This erect hyphal branch enlarges at its apeform a rounded, elliptical or club
shaped vesicle. In some species, the fertile drédaeovesicle gives rise to a layer of cells
called phialides that produce long chains of nitgpores called conidia or conidiospores.
This type is called uniseriate. In other casesyarl of cells called metullae is produced
between the vesicle and the phialides, and thegifipare called biseriate.

The size and arrangement of the conidial headsedisaw the colour of the spores
they bear are important identifying characteristiggcromorphology characterisation is
also dependent on stipe morphology, conidia orngaien, presence of Hille cells, and
morphology of cleistothecia and ascospores, whesgmt (Kozakiewicz, 1989, Kilich,
2002a). Cleistothecia are the sexual reproductagesthat contain the meiotic ascospores
borne within asci. Hulle cells are thickened, oftgabose, cells that are associated with
cleistothecia, for which no function is currenthndwn (Z. Kozakiewicz, personal
communication, 2008).

The major macromorphological and cultural (physiatal) features used in species
identification are the colour and diameter of tlodony, the production of exudates and
soluble pigments, the growth rate, thermotolerarase] the presence of sclerotia and
cleistothecia. Sclerotia are rounded masses of lmycewith an outer melanised rind.
They are believed to serve as resting structuras dlow species to survive adverse
growth conditions. Sclerotia morphological featugeslour, shape, dimension) also aid in
the identification. In addition to these charactesslates ofAspergillushave also been
characterised by physiologic responses to varioosditons: growth at certain
temperatures (Samson et al., 2007), water acsvaied pH, growth on specific culture
media (e.g. creatine-saccharose agar; Varga et28D7a; Samson et al.,, 2007),
extracellular enzyme production, profiles of fadtyids (Blomquist et al. 1992; Fraga et al.,
2008), etc.
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Table 2.6 summarises the major morphological festused in the identification of
Aspergillusto the section level. The taxonomic scheme presers that of Gams et al.

(1985), since it is the most generally acceptegiims of classic phenotypic identification.

Table 2.6 Morphologic characteristics (based on Klich, 200@a)he various sections of genus
Aspergillus(taxonomy after Gams et al., 1985).

Subgenus  Main characteristics Section Main charactestics
Aspergillus Uniseriate, xerophilic, growth Aspergillus teleomorphEurotium- yellow
on CY20S>CYAZ25, grey- cleistothecia with
green conidia, pseudoparenchymatous cells, hyaline
ascospores
Restricti Strictly anamorphic, slow growth on all
media
Clavati Uniseriate, vesicles Clavati The same as subgenus
predominantly clavate, conidia
grey-green,
Circumdati Uniseriate or biseriate, vesiclesCandidi Conidia white or nearly white

spherical to pyriform Circumdati  Predominantly biseriate, conidia yellow,

buff or ochraceus

Cremei Conidia brown, yellow or blue-green
Flavi Conidia yellow-green to olive-brown
Nigri Stipes smooth-walled, conidia black or
near black
Sparsi Conidia pale grey to olive-buff
Wentii Conidia yellow to brown
Fumigati Uniseriate, vesicles Fumigati Conidia grey-green to blue-green
predo_mmantly pyriform, Cervini Conidia light-orange to orange-grey
conidia grey-green, blue-green
to orange
Ornati Uniseriate, conidia grey-green, Ornati The same as subgenus
yellow-green or olive-brown
Nidulantes Flavipedes Stipes hyaline to pale brown, conidia
white to buff

Nidulantes  Stipes short often brown, conidia green,
Hulle cells often present, most species
with Emericellateleomorph.
Cleistothecia soft-walled, surrounded by
Hulle cells, ascospores red to purple

Terrei Stipes hyaline, conidia buff to orange-
brown

Usti Stipes brown, conidia dull red, brown or
olive

Versicolores Stipes hyaline to brown, conidia green,
grey-green or blue-green
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2.3.2 The species concept iAspergillus

Many different species concepts have been propd$edmost common ones are the
Morphological Species Concept (MSC), the Biologi&uecies Concept (BSC) and the
Phylogenetic Species Concept (PSC) (see Taylok,e2@00 for a review on the various
species concepts). A biological species is diaghase a group of individuals able to
interbreed freely under natural conditions. Thiecps concept is hard to apply to fungi
for a number of reasons. Approximately 20% of fumge not known to reproduce
sexually. Other fungi are homothallic and will poog sexual spores without a partner. In
addition, some heterothallic fungi cannot be coaixéd mating in cultivation (Taylor et
al., 2000). Taking this in consideration, the doaminfungal operational species concept
has been, until recently, the MSC, which is founded the similarity of observable
phenotypic (morphological and physiological) chéges. Lately, the PSC has been gaining
interest among mycologists. A phylogenetic spec@sesponds to a monophyletic group
composed of the smallest diagnosable cluster a¥ishahl organisms within which there is
a parental pattern of ancestry and descent.

Peterson (2008) considers that the PSC as desdnpbBettman et al (2003a, 2003Db,
2006) is a very attractive option. In this conceggecies recognition results from the
concordance of independent gene trees; branchest@gorised as fully congruent when a
single group of isolates always occurs as a tedngr@aup and there is strong statistical
support for that grouping. Strong statistical suppderived from phylogenetically
informative data along with the branch being présereach of the single locus trees is
taken as support for the isolate representing @ndisspecies (Peterson, 2008). PSC can
avoid the subjectivity of determining the limits @fspecies by relying on the concordance
of more than one gene genealogy — the genealogpoabrdance concept. The point where
different gene genealogies become concordant iseduluplace to assign a species
boundary. In practice, this has proven to be a pmvéool in fungi and in the genus
Aspergillus Several studies using this genealogical concaelaheory resulted in a
species recognition system that agreed in part phibBnotypic studies and revealed the
presence of many undescribed species not resolvptidnotype.

But Rieppel (2007) considers that invoking gendlistance as the basis for

distinguishing species is unreasonable becauséespmucur in different sized measures of
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time and space. Also, Samson & Varga (2009) condiu&t, after the introduction of
powerful molecular techniques, there has been detary to overvalue the contribution of
phylogenetic criteria to the description of speci¥ghatever concept is applied, the
question is always put on where to draw the linfiith@ species. To try to overcome this
problem, the integration of various kinds of data anformation (phenotypic, genotypic,
phylogenetic) into a polyphasic scheme seems tdhbemost powerfull approach of
species identification, as it results in a conssrype of taxonomy (Samson & Varga,
2009).

2.3.3 Schemes of species identification in genuéspergillus — the polyphasic
approach

There is no method (morphological, physiologicatle@cular) that works flawlessly
in recognising species. That is why taxonomists amgently sustaining their studies in
polyphasic schemes, involving the highest possiblmber of characters resulting from
biological, morphological and phylogenetical apmtues. Within these sets of data,
features currently used to classify and identfgpergillus isolates are: morphology
combined with physiological and ecological featurescondary metabolite profiles and
DNA sequences. The more parameters available, tre stability the classification will
achieve. In those cases where not all approachegsolgphasic schemes result in a
consensus, classification should be a compromistaitong a minimum of contradictions
(Samson & Varga, 2009).

Morphologic and physiologic characters

As said, morphology and physiology have been ekxtelys used in species
recognition. One drawback associated with this typpeharacters is that they vary greatly
within a species. For instance, sclerotia or cadudiffusible metabolites which are
characteristic of some species are not always prese all isolates of that species
(Rodrigues et al., 2009). Furthermore, most of éhekaracters are dependent on the
culture conditions. A variety of subtle effects Bw&s air exchange, light and volume of the
medium can affect morphology (Okuda et al., 200)r this reason, it is of major
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importance that species identification is developeth pure cultures grown on known
media and under standardised conditions (Klich2aD0

Secondary metabolite profiles

Species ofAspergillusproduce a diverse array of secondary metabolit@shacan
be used in species recognition, since they ares\mi to have high species specificity
(Frisvad 1989; Larsen et al. 2005). Practicallyspkcies oAspergillusproduce a unique
combination of these metabolites. Wspergillus genes responsible for secondary
metabolite biosynthesis are gathered in clusterghm subtelomeric regions of the
chromosomes, which are often associated with fre@gq@enome rearrangements and
deletions (Yu et al., 2004a; Galagan et al., 2008achida et al., 2005; Nierman et al.,
2005; Georgianna et al., 2010).

In various sections of the genus, each speciebaracterised by a specific profile,
and the grouping of species based on the extnotdéle usually correlates well with the
groupings obtained by other approaches (e.g. Horad.,e2005; Houbraken et al., 2007;
Samson et al., 2007; Varga et al., 2007a, 20038jnson & Varga (2009) recommend that
4 to 8 metabolites should be used in the metabpldéling of a given species.

Molecular characters

Aspergillusare among the best studied fungi genetically.alet,fthe genomes of
several Aspergillus species are now completed (Nierman et al., 2008agan et al.,
2005a; Machida et al., 2005; Payne et al. 2006726@!| et al., 2007; Fedorova et al.,
2008; Rokas et al., 2007) and numerous sequermessiveral strains are available.

In general, molecular characters provide a big remdf variable characters for
fungal taxonomy, when compared with other approscteirthermore, they can be
generated using a widely available technology thakes use of well-developed
bioinformatic infrastructures that allow comparisafiresults, and they produce results that
generally correlate well with morphological and pimjogical characters.

In recent years, molecular tools such as Restnigiimgment Length Polymorphisms
(RFLP), Random Amplification of Polymorphic DNA (D), Amplified Fragment
Length Polymorphism (AFLP) and DNA sequencing h&dexn applied to taxonomic
questions in the genus. Among these, DNA sequemakysas has proven to be a powerful

tool in the identification of a large number A$pergillusspecies. It is a fact that variable
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DNA sequence characters provide the best meananferring relationships among
organisms, because it is possible to sample vegg laumbers of variable characters. But
the standard short barcode sequencassQ0 bp) were found to be unsuitable for inferring
accurate phylogenetic relationships among fungn(BiHickey, 2007), and they generally
lack resolution for species identification amongyvelosely related fungi. Taylor et al.
(2000) stated that the phylogenetic analysis ofatée nucleic acid characters currently
comes closer than the others to recognising spemmesistent with the Evolutionary
Species, but this is considered to be true ondgvferal genes are to be analysed. For both
species description and phylogenetic inference,sdan& Varga (2009) recommend that
at least 2 gene sequences should be examined, asMglti Locus Sequence Typing
(MLST) approach.

DNA barcoding is a taxonomic method which uses artsgenetic marker in an
organism’s DNA to quickly and easily identify it &glonging to a particular species. A
DNA sequence should meet several criteria to bed useccessfully for species
identification. DNA sequences should be orthologogughe examined organisms, and
variable enough to allow species identificationfhmlow levels of intraspecific variation
(Hebert et al., 2003). A DNA barcode should be Igasiccessible (universally
amplified/sequenced by standardised primers fromide set of organisms), relatively
short € ~ 500-600 bp), simple to sequence and easilyatbign

A variety of loci have been suggested as DNA bagsddr fungi, including coding
genes and non-coding spacers in the nuclear genasewell as in the mitochondrial
DNA. The most widely used DNA target regions fasatiminatingAspergillusspecies are
the ones in the nuclear ribosomal RNA genes (latdminit, internal transcribed spacers)
(e.g. Kanbe et al., 2002; Hinrikson et al., 200Brr& et al., 2006; Anzai et al., 2008;
Peterson et al., 2008; Pildain et al., 2008). ®Hwglpy conserved genes, namigtyubulin,
calmodulin and topoisomerase Il, have also beeensitely used as targets for taxonomic
studies in the genus, when multi-copy segments filtenrDNA complex lack variability
(e.g. Hong et al., 2005, 2008; Peterson et al.82®ldain et al., 2008). Works on
mitochondrial genetics of aspergilli indicated thiaé genes located on the mtDNA of
aspergilla (namelgoxl) do not meet all criteria needed for a DNA barcdaecause of
several problems. In fact, several studies indic#tat results obtained from mitochondrial

and nuclear sequence data are incongruent (Wargd.,eR000; Geiser et al., 2007).
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Problems may be averted by selecting genes exigbdppropriate levels of resolving
power, depending on the genetic proximity of thgaoisms of interest and on the

objective of the studies.

Mass Spectra

Matrix-assisted laser desorption/ionisation witmetof flight mass spectrometry
(MALDI-TOF MS) is a technique emerged in the la@8Qs (Tanaka et al., 1988) that has
been successfully applied in the last 15 years iorahial identification. The general
principle of MALDI-TOF MS involves the ionisatiorf targe proteins by the rapid photo-
volatilisation of a sample embedded in a UV-absaghnatrix followed by time-of-flight
mass spectrum analysis (Marvin et al., 2003). Thiktyaof monitoring ions over a broad
m/zrange (mass spectra) forms the basis of taxonmertification (Marvin et al., 2003).
These mass spectra function as “fingerprints” quetdral signatures”, which are unique
and representative for individual microorganisnmg anknown sample identification can
be performed from comparison with previously camstied databases. Holland et al.
(1996) first demonstrated that the identificatidwbole bacteria was feasible by MALDI-
TOF MS. Subsequently, new developments and enhamtsnof this technology were
done in order to characterise a wide spectrum ofohial cells.

The advantages of MALDI-TOF MS over other mass spetetry methodologies
are that it simplified the mass spectral analysie tb gentle ionisation, reducing the
number of signals, and the mass range is broademiher et al., 2009). As a result, very
complex samples like whole cells can be investdjatemploying unfractionated cell
materials, organism-specific signal patterns innfass range of 2000 - 20000 Da can be
obtained (Kallow et al.,, 2006). MALDI-TOF MS of mxtt cells (intact cell mass
spectrometry - ICMS) has been shown to produceachetistic mass spectral fingerprints
of moieties desorbed from the cell surface (Brightal., 2002). It is a rapid and
reproducible technique, which has been successiudlgd for the identification and
discrimination of various microorganisms, and hasowsn high potentialities to
discriminate very close related taxa.

Welham et al. (2000) presented the first paperrdesg the use of MALDI-TOF
ICMS to characterise different filamentous fungsing spores ofPenicillium spp.,

Scytalidium dimidiatunandTrychophyton rubrumSince then, a limited number of reports
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have discussed the effectiveness of employing ébknique to characterise and identify
fungi (Li et al., 2000; Welham et al., 2000; Amigitasi & Fenselau, 2001; Valentine et al.,
2002; Chen & Chen, 2005; Schmidt & Kallow 2005; Isal et al., 2006; Erhard et al.,

2008; Hettick et al., 2008a, 2008b; Qian et alQ&0Seyfarth et al., 2008; Sulc et al.,
2008; Kemptner et al., 2009; Santos et al., 20EQythermore, the majority has been
devoted to procedure optimisation, where usualiynged number of ex-type strains was
tested.

Kallow et al. (2006) report that in filamentous @irmost signals correspond to
membrane surface proteins, so their highly chargti® masses can be used for
identification and classification. In fact, the goosition of fungal cell walls and also of
fungal spores exhibits qualitative and quantitattiferences within different fungal
species, but also between different strains ofstlime fungal species (Kemptner et al.,
2009). Kallow et al. (2006) support that in filan@ums fungi most signals correspond to
membrane surface proteins, so their highly chargtie masses can be used for
identification and classification.

Hettick et al. (2008a, 2008b) reported 100% corréentifications, indicating that
MALDI-TOF MS data are a useful diagnostic tool fibre objective identification of
Penicillium and Aspergillusspecies. MALDI-TOF MS was also used to generagé@lii
reproducible mass spectral fingerprints for 12 sgeof fungi of the genulspergillusand
5 different strains of. flavus(Hettick et al., 2008b). In this study, the sps@&enigerwas
not well resolved fromA. chevalierj because of poor mass spectra, a situation already
reported by Valentine et al. (2002) far niger. Albeit that problem, the authors concluded
that discriminant analysis of the MALDI-TOF MS datas able to correctly classify each
Aspergillus species with 100% accuracy and was able to ctyretassify strains of
A. flavuswith 95 to 100% accuracy. These data indicate MhatDI-TOF MS data may
be used for unambiguous objective identificatiomm@mbers of the genusspergillusat
both the species and strain levels. Even thoughiddett al. (2008a, 2008b) report high
levels of correct identifications, they also refes differences observed between
laboratories. Hettick et al. (2008a) refer that €& Chen (2005) report MALDI-TOF
mass spectra of severBEenicillium species significantly different from their own. &h
same situation was reported for studies Wsipergillusspecies and strains (Li et al., 2000;

Hettick et al., 2008b). The authors attribute tifeedences in the fingerprint mass spectra
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to several factors, namely instrumentation, cultoomditions, sample preparation and
MALDI matrix. These differences reflect the importe of using standardised
methodology for MALDI-TOF.

The same studies also reflected that the obtainamdss spectrum and its
reproducibility are essential prerequisites forshecessful classification and identification
of fungal species. Various parameters are repdaédfluence mass spectral data, such as
the pre-treatment of the fungal sample (growth mediashing procedure), the applied
matrix compound and solvent system as well as tA&IM sample preparation technique
itself. Furthermore, to correctly identify unknovepecies and strains, a comprehensive
database of fungal fingerprint mass spectra wikdhéo be established (Hettick et al.,
2008b). Santos et al. (2010) emphasise that aatamdference library of biological mass

spectra needs to be implemented based on interafabies tests.

2.3.4 Taxonomy of sectionFlavi

The diversity of ecological niches occupied by memslofAspergillussectionFlavi
and the ability of some species to produce AFs nthisegroup one of the most studied
within the genus. Raper & Fennell (1965) originalhcluded nine species and two
varieties in the (then called). flavus group: A. flavus A. flavus var. columnaris
A. parasiticus A. oryzae A. oryzaevar. effesusA. zonatusA. clavato-flavusA. tamarii
A. flavofurcatus A. subolivaceusaand A. avenaceusSince then, numerous reports have
been adding or repositioning species within secktavi (Kozakiewicz, 1989; Peterson,
2000, 2005, 2008; Rigo et al., 2002; Frisvad et24105; Pildain et al., 2008). The species
and varieties that are currently considered to rigpho sectionFlavi are summarised in
Table 2.7.

Based on phenotypic and/or molecular data, vareuthors (Kozakiewicz, 1989;
Peterson, 2000; Rigd et al., 2002) have sugges$i@dAt zonatusand A. clavatoflavus
should be excluded from sectiéfavi. Peterson (2000) consideradflavofurcatusandA.
tamarii to be synonyms. AdditionalyPetromyces alliaceusnd three fungi formerly
assigned to sectiowentii A. thomii A. terricola (synonym ofA. tamari) andA. terricola
var. americanahave been moved to sectiblavi (Peterson, 2005). Recent molecular data

indicate thatA. flavusvar. columnarisandA. zhaogingensiare synonyms oA. flavusand
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A. nomius respectively (Pildain et al., 2008). Furthermdrg,the time of writing, Index

Fungorum considereA. toxicariusas a synonym oA. parasiticus andA. fasciculatusa

synonym ofA. flavus

Table 2.7 List of species (by chronological order of dgstion) currently positioned in section

Flavi.
Species (Current name) Type culture Reference
A. flavusLink CBS 100927 Link (1809)
A. oryzagAhlb.) E. Cohn CBS 100925 Cohn (1883)
A. terricolaE.J. Marchal CBS 579.65 Marchal (1893)
A. parasiticusSpeare CBS 100926 Speare (1912)

A. tamariiKita

CBS 104.13 = NRRL20818

Kita (1913)

A. terricolavar. americanusMarchal & E.J.
Marchal

CBS 580.65

Thom & Church (1921)

. albertensis).P. Tewari

Tewari (1985)

. nomiusKurtzman, B.W. Horn & Hesselt.

CBS 260.88 = NRRL 13137

Kurtzman et al. (1987)

A. avenaceu§&. Sm. CBS 109.46 Smith (1943)

A. thomiiG. Sm. CBS 120.51 Smith (1951)

A. sojaeSakag. & K. Yamada ex Murak. CBS 100928 Sakaguchi & Yamada (1944)
Murakami (1971)

A. alliaceusThom & Church* IMI 87209 Thom & Church (1945)

A. flavofurcatuBat. & H. Maia CBS 484.65 Batista & Maia (1955)

A. flavusvar. columnarisRaper & Fennell CBS 486.65 Raper & Fennell (1965)

A. subolivaceuRaper & Fennell CBS 501.65 Raper & Fennell (1965)

A. leporisStates & M. Chr. CBS 151.66 States & Christensen (1966)

A. parasiticusvar. globosusMurak. CBS 260.67 Murakami et al. (1966)

A. kambarensiSugiy. CBS 542.69 Sugiy (1967)

A. lanosusKamal & Bhargava CBS 650.74 Kamal & Bhargava (1969)

A. coremiiformisBartoli & Maggi CBS 553.77 Bartoli & Maggi (1978)

A. robustusM. Chr. & Raper CBS 428.77 Christensen & Raper (1978)

P

A

A

. caelatusB.W. Horn

CBS 763.97 = NRRL 25528

Horn (1997)

A. beijingensiD.M. Li, Y. Horie, Yu X.
Wang & R.Y. Li

Li et al. (1998)

A. gizutongiiD.M. Li, Y. Horie, Yu X.
Wang & R.Y. Li

Li et al. (1998)

A. bombycisS.W. Peterson, Yoko Ito, B.W.

Horn & T. Goto

CBS 117817 = NRRL 26010

Peterson et al. (2001)

A. pseudotamarivoko Ito, S.W. Peterson,
Wicklow & T. Goto

CBS 766.97 = 93MZ2D =
IMI 86979 = NBRC 100702 =
NRRL25397 = NRRL25517

Ito et al. (2001)

A. parvisclerotigenugMich. Saito &
Tsuruta) Frisvad & Samson**

CBS 121.62 = NRRL A-11612 =

IBT 3651 = IBT 3851

Frisvad et al. (2005)

A. arachidicolaPildain, Frisvad & Samson

CBS 117610 = IBT 25020

Pildain et al. (2008)

A. minisclerotigene¥aamonde, Frisvad &
Samson

CBS 115635 = IBT 27196

Pildain et al. (2008)

* TeleomorphP. alliaceusMalloch & Cain (1973)
** Basionym: A. flavusvar. parvisclerotigenussaito & Tsuruta (1993)
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Considering the most traditional schemes of ideatiion, AspergillussectionFlavi
includes six economically important species that\ary closely related morphologically
and phylogenetically/A. flavus A. parasiticus A. nomius A. oryzae A. sojae and
A. tamarii Even though these species share numerous conmeaturds, they differ in a
major attribute: their ability to produce AFs. lact, sectionFlavi species are usually
divided into two groups. Isolates of the so-calianesticated species, namélyoryzae
A. sojaeand A. tamarii are widely used in the fermenting process in Asiauntries
(Kumeda & Asao, 2001). Genetically modified straimisA. oryzaeare also used as
enzyme factories, for industrial production of &s#, pectin-esterase, lipase, protease and
xylanase (Pariza & Johnson, 2001). On the othedhargroup of aflatoxigenic species,
which include the widely distributed. flavus A. parasiticusandA. nomiusis considered
a major problem for animal and human health, sihose species are able to grow in
almost any crop or food.

A. flavus A. parasiticus A. oryzaeand A. sojaehave been shown to possess high
degrees of DNA relatedness and similar genome 8iased on DNA complementarity,
A. flavusandA. oryzae as well asA. parasiticusandA. sojae were considered virtually
impossible to discriminate, since their DNA simitarwas found to be of 100% and 91%,
respectively (Kurtzman et al., 1986, 198&).oryzaeand A. sojaehave been considered
non-toxigenic variants of. flavusandA. parasiticus respectively. Phylogenetic studies
have indicated thaf. oryzaemay have originated from an ancestral non-aflatnmig
A. flavus(Geiser et al., 1998, 2000; Chang et al., 2006jhat they have lost the ability to
produce AFs during the domestication process (Sanetoal., 2000). Whole genome
comparison ofA. flavusNRRL3357 andA. oryzaeRIB40 shows that these two fungi are
very similar in genome size and number of predigiedes, although each also has unique
genes (Payne et al., 2006). Rokas et al. (2000rtre¢pat, at the genome and proteome
levels,A. flavusandA. oryzaeshare 99.5% and 98% of similarity (respectivelyprenthan
the percent of identity found between two straifs A0 niger (99.3% and 96.7%,
respectively). These results support the theoryAharyzaemay not be a separate species,
but rather a domesticated ecotypedoflavus as previously advocated by Kurtzman et al.
(1986) and Kozakiewicz (1989).

Genome sequence information abgutsojaeandA. parasiticuss not available, but

published data showed that genef\oparasiticusandA. flavuscommonly share 97-99%
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nucleotide identity. Whatever the case might beis&eet al. (1998) suggest that both
A. oryzaeandA. sojaeshould be retained as separate species for mh@sons, to avoid
confusion in food industry. Frisvad et al (2006bpgort the idea that, being domesticated
forms, A. oryzaeand A. sojaeare not expected to be isolated other than fromalymtion
plants of oriental foods and enzymes.

The close relatedness among those four aspergili@edl as the high intra-specific
genetic diversity are the foremost examples of thallenge posed to the accurate
classification ofFlavi species. Misclassification of isolates of these aifner species based
on morphological characteristics is therefore matammon (e.g. Wang et al. 2001; Batista
et al., 2008). As molecular methods are being @sgjvely introduced in the identification
of Aspergillusin the last years, sectidflavi has suffered extensive developments and
adjustments. Also, the analysis of more and maskatiss of what is considered to be a
given species has shown great variation in AF pbdn, especially within the most
common aflatoxigenic specied,. flavus These findings have prompted considerable
interest also at the intraspecific level. Many aushhave shown evidence that flavus
sensu lato may consist of a paraphyletic grougahies (Geiser et al., 1998, 2000; Pildain
et al.,, 2008), and high intra-specific genetic dsity has been frequently reported for
A. flavuspopulations (Wicklow et al., 1998; Batista et 2D08; Criseo et al., 2008).

Based on morphological, genetic and physiologic#tiga, A. flavuscan be divided
into two types of strains (Cotty, 1994). The S-typ®duces numerous small sclerotia
(average diameter <4Q@m) and high levels of AFBs, while the L-type prodsdewer,
larger sclerotia and, on average, less AFBs (GafbheCotty, 1997). S-type strains
producing both AFBs and AFGs, describedfadlavusgroup Il by Geiser et al. (2000),
together with isolates originating from Argentiniperanuts have been recently described
asA. minisclerotigenegPildain et al., 2008). Alsd). flavusvar. parvisclerotigenuswith
morphology and extrolite profile similar #. minisclerotigeneshas been raised to species
level (A. parvisclerotigenusby Frisvad et al. (2005). Other species likekambarensis
A. fasciculatusA. thomiiandA. subolivaceufiave shown to be synonymousAfflavus
(Pildain et al., 2008).

A. parasiticusand closely related species, although less prddtlenthanA. flavus
have also been subject of controversy. Besiklesojae A. toxicariushas not been clearly
distinguished fromA. parasiticus(Pildain et al., 2008; Samson & Varga, 2010). Aeot
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species closely related té\. parasiticus also producing AFBs and AFGs but
morphologically resemblin@A. flavus has been recently described As arachidicola
(Pildain et al., 2008).

In a distinct group of specie$,. nomiusand A. bombycisare two related species
producing both AFBs and AFGs, but not CPA, Ikeparasiticus(Peterson et al., 2001).
A. bombycisvas isolated from silkworm-rearing houses in Jagadh Indonesia, whereas
A. nomiusis more widespread: it was originally isolated fromouldy wheat in the USA,
and later from various substrates in India, Japah Ehailand. RecentlyA. nomiushas
been reported as an important contaminant and Aéuaer in Brazil nuts (Johnsson et al.,
2008; Olsen et al2008).

In the A. tamariigroup of species, isolates grow in a shade okdlivbronze brown.
A. tamariiis traditionally used in oriental food industrince it is non-aflatoxigenic. Goto
et al. (1996) reported AF production by one isolddéined asA. tamarii however, Ito et
al. (2001) later described this isolate as a n@satl related species, pseudotamarii

P. alliaceus and P. albertensisare the only two sexually reproducing species
(teleomorphs) classified in sectidAavi (Tamura et al., 2000; Frisvad et al., 2005;
Peterson, 2008). Data on sexual recombination legtwegetative compatibility groups
(VCGs) in members of sectioRlavi, namelyA. flavusand A. parasiticus have been
reported (Horn et al., 2009a, 2009b), but sexwzalest have not yet been found in nature.

2.3.5 lIdentification of species inAspergillussectionFlavi

Within the genus, the identification of speciesobpging to sectiorFlavi has been
strongly based on morphological and biochemical rattarisation. Conidial wall
ornamentation and colony colour on CYA have beegamded as the primary
morphological diagnostic characters for separatbnisolates into groups of species.
Conidia ofA. flavuslike species have relatively thin walls which &reely to moderately
rough. Their shape can vary from spherical to &tlgh. Conidia ofA. parasiticuslike
species are more spherical and noticeably echaubat spinulose. When grown on
Czapek-Dox (CZ), colonies &. flavusare yellow-green and those Af parasiticushave
a distinctly darker green (Klich, 2002a; Samson at 2004a). A. nomius is
morphologically similar tA. flavusin colour, but conidia are more roughened (Kurztma

77



Chapter 2 Literature Review

et al., 1987). Species of th#e tamarii group are very distinctive from the others. They
have olive to bronze-brown colonies on CYA andrtienidia are thick and echinulate.

The mycotoxigenic profile regarding AFBs, AFGs d&EA of these strains has also
been routinely used for identification purpos@sparasiticusstrains are usually strongly
aflatoxigenic, producing both AFBs and AFGs, but G@#A. Non-aflatoxigenic strains
have rarely been reported (Horn et al., 1996; Rgnzabyaneh et al., 2006; Tran-Dinh et
al., 1999; Vaamonde et al., 2003). On the othedhan flavus populations have been
found to be extremely diverse in terms of morphglagd toxigenicity, and have thus been
divided into groups, depending on their toxigeniofie (Vaamonte et al., 2003;
Razzaghi-Abyaneh et al., 2006; Giorni et al., 200HMye groups have been proposed
(Vaamonde et al., 2003): (i) chemotype | for AFBsl &£PA producers; (ii) chemotype II
for AFBs, AFGs and CPA producers; (iii) chemotydé for AFBs producers; (iv)
chemotype IV for CPA producers; and (v) chemotypefdv non-producers. Other
extrolites like aspergillic acid, kojic acid, paitalides, chrysogine and aflatrems have
also been found useful for species characterisabah have been used less frequently
(Samson et al., 20044a; Pildain et al., 2008).

Table 2.8 compiles the most significant morpholabicand physiological
characteristics of species from sectidavi.
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Table 2.8 Compilation of the major morphological and biocieal characters used in the distinction of speofeAspergillussectionFlavi (Tewari,
1985; Kurtzman et al., 1987; Horn, 1997; Li et 4B98; Ito et al., 2001; Peterson et al., 2001¢lKli2002a; Samson et al., 2004, 2006
Frisvad et al., 2005; Hedayati et al., 2007; Piidgial., 2008).

Species Seriatiof® Conidia Conidia size Sclerotid®  Colony colour Reverse on Colony AFBs® AFGs® CPA°
texture (um) AFPAP diameter (cm)
on Cz42
A. arachidicola boru echinulate  4.5-5 no olive to olive-browdream good + + -
A. avenaceus b smooth 4-5x 3.2-4 elongate yellow to olive n.d. n.d. - - -
A. beijingensis u verrucose 3.5-6.5 n.d. olive-yellow n.d. n.d. nd n.d. n.d.
A. bombycis b rough 4-7 n.d. green to bronze n.d. n.d. + + -
A. caelatus uorb coarse 5-6 elongate olive to brown Brown grawth - - -
A. coremiiformis b encrusted 6.9-9 n.d. cream to brown n.d. n.d. d. n. n.d. n.d.
A. flavus b or b/u smooth 3.5-4.5 globose yellow-green Orange 2.4-3.6 + - +
A. lanosus b smooth 2.2-2.8 n.d. yellow n.d. n.d. - - -
A. leporis b smooth 3-35 elongate olive n.d. n.d. - - -
A. minisclerotigenes b smooth 3-4 small grayish-green n.d. n.d. + + +
A. nomius uoru/b echinulate  4.5-6.5 elongate yellow-greent Orange 0-b + + -
olive-green
A. oryzae variable smooth 4.5-8.0 no brown Cream .8-32 - - +
A. parasiticus uoru/b rough 3.5-55 elongate dark-green Orange .8-33 + + -
A. parvisclerotigenus  n.d. n.d. n.d. + + +
A. pseudotamarii boru rough 6.1-7.8 globose bronze to brown Brown n.d. + - +
A. gizutongii u smooth 5-6.5 n.d. olive-yellow n.d. n.d. n.d. .nd nd.
A. robustus b echinulate  3.5-4.5 x 2.8drregular n.d. n.d. n.d. n.d. n.d. n.d.
3.4
A. sojae u rough 5-6 n.d. brown-green Orange  .5-2.7 - - -

(continues)
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Table 2.8(continued)

Species Seriatioh  Conidia Conidia size Sclerotid®  Colony colour Reverse on Colony AFBs® AFGs® CPAF
texture (um) AFPAP diameter (cm)
on Cz42
A. subolivaceus b smooth 4x3 globose to olive n.d. n.d. n.d. n.d. n.d.
elongate
A. tamarii uorb echinulate  5-8 no dark-brown Brown .2Q.0 - - +
A. terricola boru echinulate  4.5-9 n.d. olive to brown n.d. d.n. n.d. n.d. n.d.
A. thomii b/u rough 3-5.5 n.d. ochraceous n.d. n.d. n.d. n.d. n.d.
P. albertensis b smooth 2.3-35 elongate olive n.d. n.d. - -
P. alliaceus b/u smooth 2.5-4 ovoid brown n.d. n.d. - - -

4 u: uniseriate; b: biseriate; u/b: predominantlisariate; b/u: predominantly biseriate;

®n.d.: no data found

¢ +: producer; -: non-producer.
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Because species identification based on morphabgitd biochemical characters is
time-consuming and not always straight-forward,esal molecular genetic techniques
have been tested to differentiate and identify |gseand strains within sectiddavi, as
well as for establishing phylogenetic relationshipstween species. Since the 1990's,
several methods have been applied with aim of miodugenetic markers capable of
distinguishing the closely related specfesflavus A. oryzaeA. parasiticusA. sojaeand
A. nomius Fingerprinting techniques such as AFLP, RFLP, RA&nd inter-simple
sequence repeats (ISSR) have been applied (Klidhiudtlaney, 1987 Moody & Tyler,
1990a, 1990b; Yuan et al., 1995; Montiel et al.020Baptista et al., 2008; Godet &
Munaut, 2010). Other methods based on the anatys®CR amplified DNA fragments
have also been used: single-strand conformatioynpmiphism (PCR-SSCP), PCR-RFLP,
heteroduplex panel analysis (PCR-HPA), single raime polymorphism (SNP) (Chang et
al., 1995; Kumeda & Asao, 1996, 2001; Somashekal.e2004). DNA sequence analysis
from both nuclear and mitochondrial DNA has alserbepplied (Wang et al., 2001).
Other non-genetic, innovative methods based on s@ssrometry and spectroscopy have
also been used for species differentiation andtifileation (Li et al., 2000; Garon et al.,
2010).

Although these studies provided important inforimatiabout the phylogenetic
relationships between species, none of them useglysivas able to solve problems of
identification. High similarity between speciessaictionFlavi, as well as a high degree of
intraspecific variability, has resulted in the iy to produce a unique biological marker
capable of consistently differentiating the varispgcies.

Table 2.9 lists some of the studies related toriarac issues within sectidAavi as

well as the characteristics and results obtained.
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Table 2.9 Methods and characters used by various auth@sdaies identification and description witlispergillussectionFlavi, with reference to the

major achievments.

Reference Method Achievements

Morphological Physiological Molecular Other
Kurtzman et al., DNA complementarity High genetic relatednessvieen specied. flavus
1986 A. oryzaeA. parasiticusand A. sojae
Klich & RFLP Differentiated som&. oryzaeisolates fromA.
Mullaney, 1987 flavus
Moody & Tyler, RFLP of mtDNA DifferentiatedA. flavus A. parasiticusand A.
1990a nomius
Moody & Tyler, RFLP of nuclear DNA Differentiated\. flavus, A. parasiticuand A.
1990b nomius
Chang et al., SNP ofaflR gene DifferentiatedA. parasiticusrom A. sojaeand A.
1995 flavus from A. oryzae
Yuan et al., RAPD DifferentiatedA. sojagfrom A. parasiticusand theA.
1995 sojaestrains were further separated into two groups
Kumeda & PCR-SSCP and Differentiated A. flavugA.oryzae A. parasiticusA.
Asao, 1996 PCR-RFLP of sojag A. nomiusand A. tamarii

ITS region

Nikkuni et al., DNA sequence analysis Differentiated A. flavugA.oryzae A. parasiticusA.
1996, 1998 of ITS region sojae A. nomiusand A. tamarii
Lietal., MALDI-TOF Differentiated A. parasiticusand A. flavus
2000 ICMS of spores
Kumeda & PCR-HPA of Differentiated A. flavugA.oryzae A. parasiticusA.
Asao, 2001 ITS region sojag A. nomiusand A. tamarii

(continues)
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Table 2.9(continued)

Reference Method Achievements
Morphological Physiological Molecular Other
Peterson, Macro-and Growth on DNA sequence analysis Phylogenetic relationships. Descriptionfof
2001 micromorphology  various media; MLST bombycis
extrolites
Wang et al., DNA sequence analysis Differentiated A. parasiticusrom A. flavus
2001 of cox1(mtDNA)
Quirk & Kupinski, RFLP of mtDNA DifferentiatedA. flavugA. oryzae A. parasiticusA.
2002 sojag A. nomiusand A. tamarii
Rigo et al., Colony colour, Ubiquinone DNA sequence analysis Differentiated A. parasiticugA. sojaeand A. flavugA.
2002 sclerotia system of ITS region oryzae
Ehrlich et al., Sclerotia size AF production DNA sequence analysis Phylogenetic relationships. Differentiategk 3. flavus
2003 of aflJ andaflR genes isolates from otherA. flavus
Montiel et al., AFLP DifferentiatedA. parasiticu$A. sojaeand A. flavugA.
2003 oryzae
Lee et al., Macro-and AFLP DifferentiatedA. flavusfrom A.oryzae
2004 micromorphology
Somashekar et al., RFLP @vull) of theaflR Differentiated A. flavusfrom A. parasiticus
2004 gene
Frisvad et al., Macro-and Growth on DNA sequence analysis Phylogenetic relationships. Description of
2005 micromorphology  various media; of A. parvisclerotigenus
extrolites B-tubulin gene

Baptista et al.,
2008

RAPD/ ISSR

Demonstrated high inter- and intrae#fic genetic
diversity within sectiorfFlavi species that allowed
species identification

Peterson, 2008

DNA sequence analysis
MLST

Phylogenetic relationships

(continues)
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Table 2.9(continued)

Reference Method Achievements
Morphological Physiological Molecular Other

Pildain et al., Macro-and Growth on DNA sequence Phylogenetic relationships. Description of
2008 micromorphology  various media; analysis of ITS region A. arachidicolaandA. minisclerotigenes

extrolites and calmodulin/

B-tubulin genes

Garon et al., AFs FT-IR Differentiated A. flavusfrom A. parasiticus
2010 production Spectroscopy
Godet & real-time PCR/ Six-step strategy to set up a decision-makingfree

Munaut, 2010

RAPD/RFLP

identification
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Chapter 3 Materials and Methods

3.1 Mycobiota and mycotoxins of almonds and chestnuts

3.1.1 Almond and chestnut sampling

3.1.1.1 Study area

Samples were collected in the Portuguese northeestict of Braganca, in the
former Province of Tras-os-Montes e Alto Douro, noalled North region, divided in
several sub-regions. Chestnut samples (which wikrecoan the field) originated from
Santa Comba de Rossas, council of Braganca.

Almond samples were collected in the parish of lawi council of Torre de
Moncorvo (Moncorvo; field and storage samples), amthe council of Alfandega da Fé
(Alfandega; processor samples). Almonds from feahdl storage samples originated from
Moncorvo, and almonds from samples collected at pinecessor originated from
Moncorvo and Faro. Braganca, Moncorvo and Faro Wd#rein be characterised
geographically as well as climatically, becauséehef significance of these characteristics
to the fungal contamination of chestnuts and almo&wen though we did not collect Faro
samples directly at the producer (samples werectad at the processor), we considered it
important to characterise Faro as well. Alfandegtk mot be characterised in terms of
climate, since only processor samples were colleatethis study area, which does not
significantly influence, in terms of environmentanditions, the fungal contamination of

the almonds.

3.1.1.2 Geographic characterisation

Chestnut sampling was conducted in Santa CombaodsaR, council of Braganca,
which lies in the utmost north of Braganca Distraib-region Alto Tras-os-Montes, just a
few kilometres from the border with Spain. It i€dbed at a latitude of 41°49’'N, longitude
of 06°45'W and an altitude of approximately 720 Whis area lies in Terra Fria de

Planalto, a regional denomination attributed by pneminent local climatologist Prof.
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Dionisio Goncalves (Goncalves, 1991), after protbwtudies on the orographic and
climatic conditions of the region.

Almonds from field and storage, as well as parthafse collected at the processor,
were produced in Moncorvo, which lies in the soothBraganga District, sub-region
Douro, at a latitude of 41°04’N, longitude of 07%1and an altitude of approximately
410 m. This study area is located in Terra Quef@en€alves, 1991), and is naturally
bordered by the Douro River. Just north from Momods Alfandega, where the processor
plant is located.

Part of the almond samples collected at the procesas produced in Faro. The
council of Faro is integrated in the District ofréathe southernmost district of Portugal,
which coincides with the new region of Faro (forrreovince of Algarve), positioned at a
latitude of 37°02’'N, longitude of 07°56'W and artitatle of approximately 10 m. It is
bathed by the Atlantic Ocean, but suffers a strimflgience of the Mediterranean Sea.

Figure 3.1 illustrates the Portuguese country,raacks the areas under study.

P - |

) <+———— Braganca

< Alfindega da Fé
4——— Moncorvo

Faro

Figure 3.1 Map of Portugal. Study areas are marked in rastribts where the study areas are
integrated are marked in pink.
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3.1.1.3 Climatic characterisation

Study areas were characterised in terms of biotdimaing the bioclimatic models
of Rivas-Martinez (2004). Data used for climati@dcterisation of the study areas were
obtained from the reference values given by theedb weather station of Instituto de
Meteorologia (INMG, 1991a, 1991b). Table 3.1 listsl characterises the weather stations
used in this study. Table 3.2 indicates the biocatimdiagnostic obtained for each study

area.

Table 3.1Weather stations used for climate characterisatidhe study areas.

Nearest weather station

Study area  Local Lat(N) Long (W) Alt(m) Period
Braganca Braganca 41°48  6°44 690 1951-1980
Moncorvo Mirandela  41°31" 7°12 250 1958-1980
Faro Faro 37°01"  7°58 8 1964-1980

Table 3.2 Bioclimatic classification of the study areas, lzthea Rivas-Martinez (2004).

Study area Bioclimatic classification

Bioclimate Continentality Thermotype Ombrotype
Braganca Mediterranean Euoceanic Lower Upper
pluviseasonal oceanic Supramediterranean subhumid
Moncorvo Mediterranean Semi-continental ~ Upper Upper dry
pluviseasonal oceanic Mesomediterranean
Faro Mediterranean Semi-hyperoceanic Lower Lower dry
pluviseasonal oceanic Thermomediterranean

Braganca is characterised by a humid climate (yeainfall of 741.1 mm/year),
with moderate water deficit during summer, and gesaess in winter, with 86% of the
rainfall occurring from October to May. The summgrwarm, with mean temperatures
around 21 °C, and the winter is cold, with tempees frequently dropping below 0 °C.

Moncorvo is characterised by hot summers, with nteamperatures around 24 °C,
but 40 °C being registered with some frequency duduly and August. Moncorvo
registers mean temperatures of 6 °C in the coldtimsoof December and January, and a

yearly rainfall of 520.1 mm with 83% concentratadhe period from October to May.
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Faro has a typical Mediterranean climate, with hotl dry summers and mild
winters. Summer temperatures follow those of Mowgpbut winter mean temperatures
are around 12 °C. Rainfall assumes big amplitutdesughout the year: 96% of the

513.6 mm fall from October to May.

3.1.1.4 Sampling plans

The sampling plans proposed for this study incluttexl collection of samples of
both chestnuts and almonds at different stagesoafuygtion (field, storage and processing)
for two consecutive crops (2007 and 2008). Howefegra number of reasons, which will
be exposed whenever found necessary, the samdhang pad to be adjusted along the
course of the work.

The most significant almond and chestnut produaetsprocessing industries of the
region were identified, and, from those, one focheaatrix was selected. The selected
processors represent key industries in the northliegon, and are usually responsible for
processing the majority of the local production. éag the farmers, the one contributing
the most for the processing industry was selected.

It is worth noting that the present study is natiled to one single variety. Local
orchards are a mix of varieties. Furthermore, i@ pnocessing industries, almonds and
chestnuts from local producers are generally psemkss mixtures. In fact, they are not
separated by variety but by size, given that theysamilar in quality. This study intended
to be a survey of fungal and mycotoxin contamimatid local almonds and chestnuts. It
was not our intention to study the vulnerabilitytbé different varieties to fungal growth
and mycotoxin accumulation. The only discriminatiorierms of varieties set in this study
was for almond samples (field, storage and procesmoples), which consisted only of a
mixture of soft shell varieties, since these argarikely to be damaged by insects and
fungi.

Because almond and chestnut productions vary iim tearacteristics, a general
workflow from production to commercialisation wile described for each matrix, and

sampling plans will be described separately.
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3.1.1.4.1 Chestnuts

General workflow

Chestnuts are usually ready to harvest from thénbew of October until the end of
November. Fruits are collected from the groundfirat by hand into 50 kg bags, on a
weekly basis. When all fruits have fallen from thees, collection is made mechanically
with a suction machine, cleaned from soil, leavas @ther dirt, and sacked. Chestnuts are
then transported to the warehouse, spread ondbedhd left to dry for 3 to 4 days. They
are then put in 50 kg net bags and stored in araited atmosphere chamber (controlled
temperature, relative humidity and @Q@ntil being processed.

In the 2007 crop, chestnuts were ready to hartdbeabeginning of November, later
than usual, because of excessive rainfall in thenabharvesting period. The producer
started to harvest at 01/11/2007 and finished ttodeur weeks later. Because this year’'s
crop produced very low yields, chestnuts were @meee and expedited immediately after
harvest. Also, in the mycological analysis of fieddmples a very limited number of
Aspergillusisolates was detected and none of them belongsddimonFlavi, which was
the main interest of this study. For these reasaesconsidered that this matrix was of
limited interest to our objectives, and, contraoythe proposed sampling plan, samples
were not taken at storage and processing stagetheFRuore, field samples were only

collected and analysed for the 2007 crop.

Field samples

Three chestnut orchards, approximately 500 m dpart each other, where selected
for field sampling, and were cod&x (wherex refers to the number of the orchard). Five
actively producing trees per orchard (one in eagimer and one in the center of the
orchard) were selected as sampling points, and wededCy (wherey refers to the
number of the chestnut tree). In total, we toolsaBpling spots, coddekCy.

Three samples were taken from each sampling spa&.fifst sampling time-point
coincided with the beginning of the cropping (01200D7), when the farmer began to crop
fallen nuts from the ground. At this time-point, wellected one sample of nuts from the
ground (codedPxCy/Ch1/07 where Ch1/07 means the first sampling from the ground
taken in the 2007 crop), and one sample from the tcoded®xCy/Arv1/07 whereArv1l
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means the first sampling from the tree) (Figure).3The second sampling time-point
occurred at 20/11/2007, and corresponded to thedgarhen all nuts had fallen from the
trees and the farmer began to crop them mechapidaibm the first to the second
sampling time-point, the farmer collects the fallehestnuts erratically, so sampled
chestnuts from 20/11/2007 had been on the groutwlela one to 20 days. At this time-
point, only one sample of chestnuts was taken friib ground, and was coded

PxCy/Ch2/07second sampling from the ground).

Figure 3.2 Chestnut orchard P1 (A), chestnut tree (B) aresittuts on the ground (C), at the time
of sample collection.

Samples were composed of 50 nuts, randomly cotledtiits were collected by
hand, freed from the spiny exocarp and put in @& paper envelope (229 x 324 mm).
The envelope was immediately sealed and storedpartable refrigerator. Hands were
disinfected with 70% ethanol between each sampBpgt. Samples arrived to the
laboratory no more than 3 hours later.

Climatic data for the year of 2007 were collectgdan agro-climatic station of the
Polytechnic Institute of Braganca, localised in tbeme farm as the orchards (Lat.
41°49'N, Long. 06°45'W, Alt. 720 m). Climatic dateere registered daily, and included
Temperature, Precipitation and Relative Humidityfofmation regarding irrigation and

plant disease treatments was collected from theymer.
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3.1.1.4.2 Almonds

General workflow

The almond is not a true nut, but a drupe, whiamsis of an outer dehiscent hull
(exocarp) and a hard shell (endocarp) with theledibed (kernel) inside, involved by a
brown seed coat. Shelling almonds refers to rengpvive shell to reveal the kernel.
Almonds are commonly sold shelled, i.e. after thells have been removed, or in-shell,
i.e. with the shells still attached. Blanched ala®igor nutmeat) are shelled almonds that
have been treated with hot water to soften the seatf which is then removed to reveal
the white embryo.

Almonds are generally ready to harvest from theryegg of September onwards. A
few almonds naturally fall from the tree and aréembed from the ground. However, they
are predominantly harvested by shaking the trerdbes and making nuts fall into a net
placed on the ground, underneath the tree. Nutscallected into 50 kg bags and
transported to the producer's warehouse. Onceannérehouse, almonds are spread on
the floor and left to dry naturally. When suffictgndry (usually 3 to 4 weeks later), they
are again bagged and piled in the warehouse wpédited to the processor. The product
is rarely sold immediately, and it is common fortatstay in the warehouse for a large

number of months, depending on market conditions.

Field samples

Almond field sampling spots, sample coding and enltection were identical to
those previously described for chestnut samplesaiple codesCy was replaced by
to indicate almonds.

Two samples were taken from each sampling spoéyrdaty two consecutive crops:
2007 and 2008. The sampling time-points (06/09/280d 12/09/2008) corresponded to
the day before the beginning of harvesting. Sampke® coded aBxAy/07andPxAy/08
respectivelySamples were composed of 50 nuts collected randtnoty the tree canopy
(Figure 3.3).

Climatic data for the years of 2007 and 2008 wetkected from a local data logger
(agro-climatic station) of the Direccdo Regional Agricultura e Pescas do Norte
(DRAPN), localised at Quinta de Agua D'Alta, Monami(Lat 41°18’N, Long 7°07'W, Alt
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274 m). Climatic data were registered daily, anduded Temperature, Precipitation and
Relative Humidity. Information regarding irrigatioand plant disease treatments was
collected from the producer.

Figure 3.3 Almond orchard P3 (A) and almond tree (B), attthree of sample collection.

Storage samples

Sampling during storage took place for the 2008pcamly. From 13/09/2008
onwards, almonds were continuously collected bypituelucer, spread in the warehouse
and left to dry. On 24/10/2008, almonds began tpuien 50 kg bags (by order of arrival)
and piled (Figure 3.4). At this time-point (codstbrage }, two bags from the pile were
selected, one from the top (Bag A) and one fromdenghe pile (Bag B), and marked. One
data logger was put inside each bag. One sammaatf bag was collected. Samples were
collected every 3 months, until the almonds werpeeited. So, after the first sampling
time-point (24/10/2008), two other samples weretgalat days 16/01/200$torage 2 and
20/03/2009 $torage P from the same bags. The day afttiorage 3 almonds were
expedited, not to our selected industry (contrarwhat had happened the previous years),
but to Spain, so we lost track of them.

94



Chapter 3 Materials and Methods

Figure 3.4 Producer’s warehouse (A) and detail of storedatia piled in 50 kg bags (B).

Approximately 2 kg of in-shell almonds per samplerev collected from various
parts of each selected bag. Samples from the btwp dabp of the pile were codédl, A2
andA3, and samples from the bag inside the pile wered8d, B2 andB3, depending on
the time-point of collection. Samples were treasgreviously described.

Temperature and Relative Humidity of the warehowueee registered every 3 hours
with two data loggers Hygrochron coupled to thdvwsafe Eclo ExpressThermo 2007, one
placed in the middle of the warehouse and the atkar an inexistent wall (open to the

outside), where almonds began to be distributecpdad.

Processor samples

The following general categories of almonds wenaad from the processor: i)
unsorted in-shell nuts, representing incoming aldsoss received by the processor; ii) “in-
process” nuts, representing nuts in different psecey stages; and iii) processed nutmeats,
representing a finished product ready to be sotddod consumption. Temperature and
Relative Humidity of the warehouse were registeasgreviously mentioned by one data
logger. Sample details are summarised in Table 3.3.

Since a significant group of processor samples ngkdive to almonds originating
from Faro, climatic data of Faro for the year of00were also collected. Data were
retrieved from the official site of DRAPALG (URL: ttp://www.drapalg.min-
agricultura.pt/; accessed 20.06.2010). They wegestered by an agro-climatic station of
the Direccdo Regional de Agricultura e Pescas dgake (DRAPALG), localised at
Patacdo, Faro (Lat. 37°02'N, Long. 07°56'W, Alt. b3 and included Temperature,
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Precipitation and Relative Humidity. It was not gie to collect information regarding
irrigation and plant disease treatments for Farnoalds, since the samples were taken

from the processor and the farmer was not idedtifie

Table 3.3 List of almond samples and description of condsion which samples were collected.

Production  Code Collection Local of Almonds  Characterisation Size

stage date collection  Origin

2007 crop

Field P1/A1 06.09.2007 Moncorvo Moncorvo Each sample correspémane tree. 50 fruits
P1/A2 50 fruits
P1/A3 50 fruits
P1/A4 50 fruits
P1/A5 50 fruits
P2/A1 50 fruits
P2/A2 50 fruits
P2/A3 50 fruits
P2/A4 50 fruits
P2/A5 50 fruits
P3/A1 50 fruits
P3/A2 50 fruits
P3/A3 50 fruits
P3/A4 50 fruits
P3/A5 50 fruits

Processor A 29.02.2008 AlfandegaMoncorvo  In-shell nuts. 2 kg

da Fé Received at the processor 10 days

before sample collection. Stored in 50 kg
bags, in the warehouse.

B 29.02.2008 Alfandega Moncorvo  Shelled nuts. 700 g
da Fé The same as A, but shelled the day before
sample collection: wet in cold water
—>dried at 40 °C for 5 hours
->mechanically shelleeb stored in the
warehouse in 50 kg bags.

C1 20.03.2009 Alfandega Moncorvo  Shelled nuts. Nuts from the 2007 crop. 700 g
da Fé Received and shelled by the processor in
Cc2 22.05.2009 October 2008. 700 g

Stored in 50 kg bags.

(continues)
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Table 3.3 €ontinued)

Production  Code Collection Local of Almonds  Characterisation Size
stage date collection  Origin
2008 crop
Field P1/A1 12.09.2008 Moncorvo Moncorvo Each sample correspomane tree. 50 fruits
P1/A2 50 fruits
P1/A3 50 fruits
P1/A4 50 fruits
P1/A5 50 fruits
P2/A1 50 fruits
P2/A2 50 fruits
P2/A3 50 fruits
P2/A4 50 fruits
P2/A5 50 fruits
P3/A1 50 fruits
P3/A2 50 fruits
P3/A3 50 fruits
P3/A4 50 fruits
P3/A5 50 fruits
Storage Al 24.10.2008 MoncorvoMoncorvo In-shell nuts. Harvested at 15.09.2008. 2 kg
Spread in the warehouse to dry, bagged
A2 16.01.2009 and piled. Sample from the top of the pile2 kg
(Climatic data logger No 39)
A3 20.03.2009 2 kg
Bl 24.10.2008 Moncorvo Moncorvo In-shell nuts. Harvested at 15.09.2008. 2 kg
Spread in the warehouse to dry, bagged
B2 16.01.2009 and piled. Sample from inside the pile. 2 kg
(Climatic data logger No 61)
B3 20.03.2009 2 kg
Processor D1 20.03.2009 AlfandegaMoncorvo  Shelled nuts. Shelled in January and dto0 g
da Fé in the warehouse in 50 kg bags.
D2 22.05.2009 700 g
F1 20.03.2009 Alfandega Faro In-shell nuts. Just received and stored in2 kg
da Fé the silo.
F2/kernel 22.05.2009 Shelled nuts (nutmeat witll seat). 700 g
Nuts from the silo being shelled at the
moment of sample collection.
F2/shell 22.05.2009 Shell corresponding to sampl&iF
F3/nutmeat  26.05.2009 Nutmeat from nuts shell&2#15.2009. 700 g
Seed coat was being removed at the
moment of sample collection.
F3/seed coat 26.05.2009 Seed coat correspondsaptple F3/M 100 g
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Determination of water activity

Water activity was measured for storage and procesamples. As soon as the
samples arrived to the laboratory, they were lefoam temperature for 2 hours and water
activity was measured at approximately 22 °C, iplitate, using Rotronic Hygropalm

AW1 equipment.

3.1.2 Mycological analysis

3.1.2.1 Implementation of the procedures for fruit plating

Some tests were made to determine the best precddurfruit plating. For this
matter, we tested the necessity and efficacy of superficial disinfection, as well as the

selectivity of various culture media towarispergillusfungi.

3.1.2.1.1 Superficial disinfection

The following superficial disinfection methods weested:

Method 1

Fruits were submerged in 0.5% sodium hypochlorime2f minutes, washed twice in sterile tap
water and plated.

Method 2

Fruits were submerged in 95% ethanol for 30 secomashed twice in sterile tap water and plated.

Method 3

Fruits were submerged in 95% ethanol for 30 secdtaiaed to eliminate the ethanol and plated.

Method 4

Fruits were briefly flamed (3 to 4 seconds) andegula

For each disinfection method, 5 fruits were plavath the shell (in-shell), and 5
other fruits were plated without the shell (shéllethe same number of fruits was used as
control (no treatment). Each fruit was plated @& @mn Petri dish containing 15 to 20 mL of
Dichloran Glycerol 18% (DG18; Oxoid). Given theesiaf in-shell fruits (for both almonds

and chestnuts) and of shelled chestnuts, theydhd tut in order for them to fit the Petri
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dish. In-shell chestnuts were cut alongside witttegile kitchen knife and the two halves
were directly plated; for shelled chestnuts, thellshias cut off, the fruit was cut alongside
and the two halves were plated (Figure 3.5). Alnsowere put in a sterile plastic bag and
shells were broken with a nutcraker. For in-shelltfanalysis, the kernel and the broken
shell were plated, and for shelled fruits shell wasarded and only the kernel was plated
(Figure 3.6).

Figure 3.6 Almonds plated in-shell (A) and de-shelled (B).

Results were analysed by a qualitative appreciatidhe fruits, for both number and
type of fungi. Superficial disinfection by methodlsto 3 was considered inadequate for
almonds, because, given the porosity of the stwedl fruit would get completely soaked
and rotten. For chestnuts, the 4 methods were deresi similar. In terms of fungal
growth, we did not detect differences between nmigh-shell treated fruits showed little
or no fungal growth, whereas untreated fruits shibaénigh level of shell contamination.
Considering shelled fruits, both treated and unéc&ruits showed little fungal growth.

Superficial disinfection almost completely elimiedt the shell contaminants.

Bearing in mind that our goal was to detect anchtjfyafungi from Aspergillusgenus and
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particularly potentially aflatoxigenic fungAépergillussectionFlavi), we considered that
it would be of interest to detect not only thosadueffectively colonising the edible part
of the fruit at that moment, but also those thatengresent on the shell as environmental
contaminants, and that could colonise the fruitsaafosterior stage, if inductive
environmental conditions were met.

Taking this into account, we chose to plate bottshall and shelled fruits (for
almonds and chestnuts). In-shell fruits were ndnstted to any superficial disinfection
treatment. Shelled fruits were superficially digicted by method 4 (for both almonds and
chestnuts) before being shelled, in order to elat@rthe possibility of contamination of the
kernel by the fungi present on the shell.

3.1.2.1.2 Culture medium

There is a wide variety of culture media availafile fungi isolation from food
commodities. As previously mentioned in the Litarat Review, the medium
recommended for low water activity foodstuffs is I8 (Hocking & Pitt, 1980; ISO
21527-2:2008), but Dichloran Red Bengal Chlorampwd{DRBC; King et al., 1979) is
also available, even though it is used preferabtyhigh water activity foodstuffs (ISO
21527-1:2008). Malt Salt Agar (MSA; Malt Extract &g(MEA) supplemented with 6 to
10% of NaCl) has also been used for this purpcgseaally when the goal was to reduce
the variety of fungi to some genera of interesmely AspergillusandPenicillium (Joffe,
1969; Phillips et al., 1979; Hocking & Pitt, 198Burcell et al., 1980; Ackermann, 1998;
Bayman et al., 2002; Samson et al., 2004a; Kaayay&muhangire, 2006; Medina et al.,
2006).

In order to determine the most appropriate cultuesglia for our study, three media
were tested: DRBC (Oxoid), DG18 (Oxoid) and MEA (MB&xtract 20 g/L, Glucose
20 g/L, Peptone 1 g/L, Agar 20 g/L) supplementethvti0% NaCl (MSA10) - by direct
plating of 3 in-shell almonds and 3 in-shell chestron each media. The fruits were plated
individually on 9 cm Petri dishes containing 15 wilL.culture media and incubated in the
dark for 7 days at 25-28 °C. After the first tewg, observed that the parts of the fruits that
were not in direct contact with the medium would gery dry, and no fungi would grow
on that area. So, we further tested the effectowtiing the fruit with a thin layer of the
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same medium, in order to allow medium selectivitg #ungal growth to occur all over the
fruit. For this test, we plated the fruits as poemly described, and covered them with a
thin layer of liquefied medium (near 45 °C) witlethid of a pipette.

Figure 3.7 shows the results obtained for almordgeg@ on, and covered with, the
three media, after 7 days of incubation. Contrarytite expectations, fruits plated on
DRBC and on DG18 were completely invaded by rapaiving fungi (Mucoraleg. On the
other hand, on MSA10 the growth of these fungi westrained and various other fungi
were able to grow and be detected. We also obseheddcovering the fruits with a
medium layer resulted in a larger variety of fupgesent at the upper part of the fruit
(Figures 3.8 and 3.9).

Figure 3.7 In-shell almonds plated on DRBC (A), DG18 (B) an8A10 (C), covered with a thin
layer of the same medium. Growth corresponds tays df incubation.

LY

Figure 3.8 In-shell almonds plated on DG18 (A) and MSA10, (@)t covered with a thin layer of
the same medium. Growth corresponds to 7 dayscabation.
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Figure 3.9 Detail of almond not covered (A) and covered (BJhwMSA10 after 7 days of
incubation. OnlyEurotiumgrows on not-covered fruit. On covered fruit, ves cetect
the presence of various coloniesAsipergillussectionaNigri andFlavi.

3.1.2.2 Fungal isolation from samples

From each sample, fruits were taken randomly frbenldags using a sterile forceps.
For field samples, 3 in-shell fruits and 3 sheliledts per sample were plated, in a total of
45 in-shell fruits and 45 shelled fruits for eagmpling time-point. For storage samples
and processor in-shell samples, 10 in-shell fraitd 10 shelled fruits per sample were
plated. For shelled processor samples, 20 shelé&d per sample were plated. For sample
F3 (see Table 3.3), 20 blanched nuts (nutmeat)saed coats corresponding to 20 nuts
were plated.

Fungal isolation followed the method of direct pigton MSA10 without surface
disinfection and with medium covering that was prasly established and described.
Chestnuts and in-shell almonds were plated indaligtu For shelled almonds, 4 kernels
were directly plated in each 9 cm Petri dish comtaj. Petri dishes were incubated in the
dark, at 25-28 °C, for 7 to 10 days.

All plates were inspected after 3, 5 and 7 days imfubation, using a
stereomicroscope (Nikon SMZ-U), to accompany fungabwth. After 7 days of
incubation, all fungi belonging to genAspergillusand some fungi representative of other
genera were transferred into 9 cm Petri dishesagung 15 mL of MEA with an
inoculation needle previously wet in a sterile siolu of 0.1% Tween80. The inoculum
was selected with the aid of a stereomicroscop@&vtid contaminations from adjacent
colonies. The inoculation was preferentially mage3bpoint inoculation but, whenever
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considered necessary (i.e., in cases where there cobony juxtapositions), the inoculum
was distributed on the Petri dish by a continudusak. Cultures were incubated at room
temperature (approximately 25 °C) for 7 days angtautured in 6 cm plates by single
point inoculation the number of times necessarmtt@in pure cultures.

All isolates were attributed a coggXZn whereyy means the year of isolation (e.g.
07 for 2007),X refers to the commodityA(for almond;C for chestnut)Z refers to the first
3 letters of the genuAép for Aspergillus Penfor Penicillium, etc) andn to the isolate

number.

3.1.2.3 Conservation of fungal isolates

All isolates were stored at -20 °C immediately malieing isolated as pure cultures.
After identification, all isolates considered oftarest were also stored at -80 °C.

Conservation procedures were as follows:

Conservation at -20 °C

Cultures were prepared in 6 cm diameter Petri dislomtaining 10 mL of MEA and incubated at
27 °C until being well sporulated. The purity oktlulture was confirmed with the aid of a
stereomicroscope. 1.5 mL of 20% glycerol [v/v] wedrepped on the colony and the spores were
suspended by reflux with a plastic Pasteur pipéttes suspension was transferred to a 2.0 mL
criovial and left for 1 hour at room temperaturel dhen at 4 °C over-night to allow glycerol to
diffuse into the cells. The criovials were therrstbat -20 °C.

Conservation at -80 °C

Cultures were prepared in 6 cm diameter Petri dislomtaining 10 mL of MEA and incubated at
27 °C until being well sporulated. The purity oftlkulture was confirmed with the aid of a
stereomicroscope. 1.5 mL of 20% glycerol [v/v] wedrepped on the colony and the spores were
suspended by reflux with a plastic Pasteur pipdites suspension was transferred to a 2.0 mL
criovial and left for 1 hour at room temperaturealtow glycerol to diffuse into the cells. The
criovials were then put in @ryoFreezer Containecontaining isopropanol and stored at -80 °C.
This way, the temperature would decrease at a atedrrate of 1 °C/min. After 4 hours, the
criovials were then removed from tBeyoFreezer Containeand stored at -80 °C.

Isolates ahead mentioned by the code MUM were durtultured in duplicate on
15 mL tubes containing 3 mL of MEA (slants) for @yd at 25 °C and deposited in the
fungal culture collection Micoteca da Universidadie Minho (MUM), Braga, Portugal

(www.micoteca.deb.uminho.pt), following the intelipaestablished procedures.
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3.1.2.4 Identification of filamentous fungi from genusAspergillus

All fungi belonging to genuéspergilluswere identified morphologically, based on

various macro and micro morphological characters.

3.1.2.4.1 Culture conditions

Before identification, isolates were grown on MEAthe dark for 7 days at 25 °C.
From this culture, a loop full of spores was susigehin 50QuL of 0.2% agar with 0.05%
Tween 80, and this suspension was used for thrigg-pwculations on 9 cm diameter
Petri dishes containing MEA, Czapek Yeast Autolgq&tYA: Saccharose 30 g/L, Powder
Yeast Extract 5 g/L, BHPO, 1 g/L, NaNQ 2 g/L, KCI 0.5 g/L, MgSQ@7H,0O 0.5 gL,
FeSQ.7H,0 0.01 g/L, ZnSQ@7H,0 0.01 g/L, CuS@5H,0 0.005 g/L, Agar 20 g/L) and
CY20S (CYA but with 200 g/L saccharose). Culturesevincubated in the dark at 25 °C.

Some isolates were also cultured on Czapek-Dox AQ4r the same as CYA, but
without the Yeast Extract) at 25 °C and CYA at @(€YA37). Culturing on CZ helps in
the differentiation of colony colour for similar exies of sectiorFlavi and culturing on
CYAZ37 is essential when identifying some speciesedftionNigri. The volume of plated
media was kept constant (approximately 20 mL patep] since media depth or head space
differences can lead to morphological changes (@latdal., 2000). Also, chemicals used
were brand-fixed and of analytical grade, to mamtaedia consistence (Klich, 2002a).

All media were sterilized by autoclaving at 121f8€15 minutes.

3.1.2.4.2 Monosporic culture

Whenever necessary for accurate fungal identioatithe purity of the fungal
cultures was confirmed by a monosporic culture.nfFra sporulating culture, a spore
suspension was prepared in a 0.05% Tween 80 solufids suspension was thoroughly
homogenised by vortexing for a few minutes andteduby successive 10-fold dilutions.
The diluted suspensions were also vortexed andspioee dispersion and dilution was
confirmed on the microscope with the aid of a Newdvacounting chamber. The

suspension showing a reduced number of spores [eoliter and, most importantly,
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fewer spore clusters, was used to inoculate 3 Bisties (6 cm diameter) containing a very
thin layer (approximately 3 mL) of MEA with 2% agdihese dishes were inoculated with
15 pL of spore suspension on 5 equidistant poiffte. cultures were incubated at 28 °C
over night, just the time necessary to allow spgermination. After incubation,

germination was checked at the stereomicroscopa: §erminated well isolated spores
were collected with the aid of an inoculation neealhd individually transferred to a new
Petri dish with 10 mL of MEA, in order to obtainmonosporic cultures. Each of these
cultures would garanty genetic purity of the cudtunecessary to obtain reliable results in

further studies.

3.1.2.4.3 Macroscopic analysis

Cultures from all media were analysed after 7 dafsincubation. Analysed
characters are listed in the Identification Shegiresented in Figure 3.10. Cultures on
CYA were kept for two more weeks to confirm colawojour and, when teleomorphs were
identified, to obtain mature ascospores. Wheneeeessary, the stereomicroscope was
used to aid macroscopic examination. Colony cobmuat surface texture was compared
with those presented in the taxonomic guides. Btéerwere measured at the
stereomicroscope, using the Measuring commandpoéwaously calibrated Nikon Control
Unit DS-LI/DS Camera. Photographs were taken whih $ame system. The mean of 50

sclerotia (when present) was used to score themr 4800 nm (L-type) or< 400 nm
(S-type).

3.1.2.4.4 Microscopic analysis

Microscopic examination of spores and reproducsivectures was made on actively
sporulating material from cultures grown on CYA avi#A. Slides were prepared as wet
mounts on distilled water (for pigmented fungi)cotton blue (for hyaline fungi). Strongly
sporulated material was previously washed withap af 96% ethanol and gently teased
with the needle, to remove excessive conidia. Ethars removed with absorbent paper
and only then a drop of distilled water or stairsvaaded. This procedure was essential for

a good microscopic examination, since we were dgaliith Aspergillusspp., which have
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numerous hydrophobic conidia. Slides were examimigdl a compound light microscope

(Leitz Labourlux 12) under bright field and Nomarslkontrast. Stipes, vesicles, conidia
and, when present, ascospores and cleistothecemeasured with the system previously
mentioned. Stipe, conidia and ascospore surfadertexas well as head seriation were

observed with 1000x magnitude amplification.

3.1.2.4.5 Section/Species Identification

The various macro and micro morphological charactef each isolate were
registered on an Identification Sheet (Figure 3.H@)apted from Klich (2002a).
Identification followed the taxonomic keys and gesdavailable for genudspergillus
(Klich, 2002a; Samson et al., 2004a). Some isolater® identified to the species level,
while others were identified only to the sectioraggregate levels. The taxonomic scheme
proposed by Gams et al. (1985) was followed, sihiethe one generally followed in the
reference guides herein used for identification.
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IDENTIFICATION SHEET
Isolate Code: ID:
Incubation time:
Macromorphology (colony characteristics):
MEA25 CYA25 CY20S25 Cz25 CYA37
Diameter
(7 days)
Color
Conidia
color
Mycelium
Exudate
Reverse
color
Soluble
pigment
Cleistothecia
Sclerotia
Micromorphology:
Stipe: Length Sclerotia: Length
Width Shape
Surface Texture Color
Vesicle:Diameter Cleistothecia Length
Shape Shape
Color
Seriation: Uniseriate / Biseriate Surface cells: hyphae / parenchymg
Conidia: Length Ascospores: Days to maturation __
Shape Length
Color Width
Surface Texture Surface texture
Furrows /Flanges
Observations:

Figure 3.10ldentification Sheet used in the identificationAapergillusisolates.
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3.1.3 Identification of aflatoxigenic fungi

3.1.3.1 Morphological identification

Besides the morphological characterisation desgrib&ection 3.1.2.4 all isolates of
Aspergillusidentified as belonging to sectidflavi were cultured on Aspergillus flavus
and parasiticuf\gar (AFPA; Oxoid, Basingstoke, United Kingdom) f8rto 5 days at

25 °C, in the dark, to confirm identification aetkection level by colony reverse colour.

3.1.3.2 Aflatoxigenic profile

Two approaches were followed to verify AFs prodmetifluorescence on Coconut
Agar Medium (CAM) and HPLC analysis.

3.1.3.2.1 Fluorescence on Coconut Agar Medium

Isolates were tested for AFs production abilitydaturing on CAM. This medium
was chosen because it is inductive of AFs prodactioyer & McCammon, 1994), and,
because of the reaction with coconut fats, produsefates can be identified by
fluorescence in the reverse side of the cultura &Dianese, 1976; Davis et al., 1987).

CAM was prepared as described by Davies et al. At 9I®0 g of shredded coconut
were thoroughly mixed with 300 mL of hot water minutes, filtered through cheese
cloth and 20 g/L of agar were added; the mediumauagclaved for 15 minutes at 121 °C.
Strains were inoculated at a central point on an&d@ameter Petri dish containing 10 mL
of CAM and incubated for 7 days in the dark at @5 Cultures were observed for
fluorescence under long-wave UV light (365 nm) rafse 5 and 7 days. Isolates were

scored by presence/absence of fluorescence arnddrggcence colour.

3.1.3.2.2 HPLC analysis

All isolates were tested for AFs production in Afelucing Yeast Extract Saccharose
medium (YES: Yeast Extract 20 g/L, Saccharose 1/&Q Agar 15 g/L). Some isolates
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(MUM92.01, MUM92.02, 07AAsp05, MUM 10.204 and 08A#G3) were also tested for
AFs production in the non-inducing Yeast Extracpteae medium (YEP: Yeast Extract
20 g/L, Peptone 200 g/L, Agar 15 g/L). Strains wereculated on 6 cm diameter Petri
dishes and incubated at 25-27 °C for 7 days, ird#rk. Then the methodology of Bragulat
et al. (2001) was employed: 3 agar plugs were reghdrom one colony, placed into a
4 mL ambar vial, and 1 mL of methanol was addederA60 minutes, the extract was
filtered by 0.45um syringe filters, diluted 20 times in mobile phased analysed by
HPLC.

Chromatographic separations were performed on drCHiystem equipped with: an
autosampler (Spark Basic Marathon); a pump (Va®@dR); a reverse phase C18 column
(Waters Spherisorb ODS2, 4.6 mm x 250 mm, 5 untgdiwith a precolumn with the
same stationary phase; and a fluorescence de{deszo FP-920). On-line photochemical
derivatisation was performed using a photochempzat-column derivatisation reactor
(PHRED unit - Aura Industries, USA) placed betwdbe separation column and the
fluorescence detector, which consisted of a 254lonwpressure mercury lamp and a
knitted reaction coil fitted around the UV lamp.

The mobile phase consisted of an isocratic programimvater:acetonitrile:methanol
(3:1:1, viviv) and was pumped at 1.0 mL/min foradak run time of 28 minutes. The
injection volume was 100L. The fluorescence detection was carried out eit&xon and
emission wavelengths of 365 nm and 435 nm, respgtiThe gain was set to 1000 and
the attenuation to 16.

Instrumentation control, data acquisition and pssgo®y were computed via
chromatographic software Varian 850-MIB Data Systatarface. Samples were taken as
positive for each of the toxins when yielding a lped a retention time similar to each
standard, with a height five times higher than Itaseline noise. A standard solution of
AFB;, AFB,, AFG, and AFG (Biopure, Austria) was used.
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3.1.4 Aflatoxins detection in almonds

3.1.4.1 Chemicals and materials

The standard solution of ARBAFB,, AFG; and AFG used (Biopure, Austria) had a
total concentration of 5 mg/mL (in acetonitrile) nagsponding to a concentration of
2.0 mg/mL each for AFBand AFG and of 0.5 mg/mL each for ARLBand AFG. From
this (standard stock solution), standard workingutsins were prepared by 100-fold
dilution in methanol, corresponding to 20 ng/mL A¥B; and AFG, and 5 ng/mL of
AFB; and AFG, and stored in ambar flasks at -20 °C when nas@

HPLC grade solvents (methanol and acetonitrile)ewesed in the preparation of AF
standards, in sample extraction, and in the préiparaof mobile phase. For extracts
purification, AflaTest WB immunoaffinity columnsACs) were obtained from VICAM
(Watertown, MA, USA). Phosphate buffer saline (PES)M pH 7.0 was prepared by
adding 500 mL of 0.1M NayPO, and 500 mL of 0.1M N#PO,.12HO and pH was

corrected with NaOH.

3.1.4.2 Safety considerations

Due to the toxicity of AFs, all the necessary saf@insiderations were taken into
account when handling this substance, as recomrdehgleCastegnaro et al. (1980).
Solutions were handled with protective gear; abdsable materials were decontaminated
by autoclaving before being disposed; reusable madgewere decontaminated by
immersion in 10% bleach over-night, immersion in &&&tone for one hour and washed

with distilled water several times.

3.1.4.3 In-house method validation

AFs from almond samples were extracted and purikgdACs, and were detected
and quantified by HPLC. Before sample analysis, #&xtraction and quantification

methods were submitted to in-house validation. Metkalidation is based on various
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parameters, namelyearity, accuracyandprecision(Chan, 2004). These parameters were
determined for our method and are herein described.

In consequence of the EU legal limits for AFs imahds (2 pg/kg of AFBand
4 ug/lkg for total AFs, by the time of these anadys€Commission Regulation
No 1881/2006), different sets of standard solutiand of spiked samples (one time and
three times the legal limits) were used for thedalon of the AFs extraction method.

3.1.4.3.1 Linearity

Thelinearity of an analytical procedure can be defined as Ibilgya(within a given
range) to obtain test results of variable data twhaze directly proportional to the
concentration of the analyte in the sample. Théalon parameters evaluated for each
AF were LOD and LOQ, which reflect the linearitytbe equipment. LOD can be defined
as the lowest amount of an analyte in a samplehwtém be detected but not necessarily
guantified as an exact value; LOQ corresponds & ahalyte concentration which is
measurable within a certain level of confidencev€raiers et al., 2004). Below LOD and
LOQ, determination and quantification are possibdbeit become unreliable as the
uncertainty associated with it at these lower lgvslhigher than the measurement value
itself (Taverniers et al., 2004).

The linearity of the method was determined by tvesies of analyses (on two
different days), by injecting four standard solosoof AFB and AFG each at
concentrations of 0.2, 0.4, 1.0 and 2.0 ng/mL, AR&, and AFG each at concentrations
of 0.05, 0.1, 0.25 and 0.5 ng/mL. These analysag wsed to obtain a calibration curve
and to determine LOD and LOQ of the method. Tha datiable used for quantitation of

the analyte was the peak area.

3.1.4.3.2 Accuracy (recovery) and precision

The accuracy or recovery of an analytical procedure is the closeness tdeagent
between the values that are accepted either asectional true values or an accepted

reference value and the value found (Chan, 200dguracy is usually reported as percent
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recovery by assay, using the proposed analytiaatquiure, of known amount of analyte
added to the matrix (spiking).

The precision of an analytical procedure expresses the closeobssyreement
between a series of measurements obtained fromipheulsamples of the same
homogeneous sample under prescribed conditionsiskme is usually investigated at three
levels: repeatability, intermediate precision, agproducibility (Chan, 2004).

Repeatabilityis a measure of the precision under the same tpgi@nditions over
a short interval of timelntermediate precisioms defined as the variation within the same
laboratory (e.g., day-to-day variation, analyst iat&wn, equipment variation).
Reproducibility measures the precision between laboratories @sliaborative studies.
This parameter is not applied to our study. Thexdded deviation (SD) and relative
standard deviation (RSD) are usually reportedterreferred parameters (Chan, 2004).

Spiking

Precision and recovery tests were made by samglédation (spiking) with known
amounts of the 4 AFs. For this matter, 2 kg of bhed ground almond were bought from
a local industry. This sample was thoroughly honmiggl and stored at -20 °C until use.
Tests were performed on three sets of almond dankples, six replicates each, tested in
two different days (three replicates each day). Divthese sets were spiked with different
concentrations of AFs (corresponding to 3 times artdne the legal limits allowed for
AFB;) and the third set was left unspiked, to servielask.

A working standard solution with a concentration2ohg/mL of AFB and AFG,
and 0.5 ng/mL of AFBand AFG was used for spiking purposes. In the first daga®@ple
units of 25 g were weighted into 250 mL conicabks. Three were spiked with 7.5 mL of
the working solution (corresponding to spiking cemications of 6 pug/kg of ARBand
AFG; and 1.5 pg/kg of AFBand AFG); three were spiked with 7.5 mL of a three-fold
dilution of the working solution (corresponding $piking concentrations of 2 pug/kg of
AFB; and AFG and 0.5 pg/kg of AFBand AFG), and three other units with 7.5 mL of
methanol (blank). These sample units were codeaMasSx_n whereAM sets for matrix;

S for spiked;x corresponds to the spiking concentration of AFEhdn is the number of
the replica. The flasks were involved (but left omered) with aluminum foil and left over
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night, for the methanol to evaporate, before besngmitted to the extraction protocol.
This procedure was repeated the following day.

Aflatoxins extraction

The extraction method described by VICAM for thiatnx was applied, with some
modifications, on sample preparation and extraction

Five grams of NaCl and 125 mL of methanol:water46Dpwere added to the spiked
samples (25 g). The flask was covered and the m@xtias stirred in a magnetic plate for
30 min. The extract was then poured into flutegkfipaper and 20 mL were collected in a
clean vessel. This filtrate was diluted with 200h0.1M PBS pH 7.0 and further filtered
through a glass microfibre filter. The extract wagn purified with an AflaTest WB
immunoaffinity column (IAC) containing immobilisedntibodies against the four AFs.
The IAC was adapted to a 10 mL syringe set on & kbt@snp. Ten mL of the extract were
poured into the syringe and passed through the bACgravity, at a rate of about
1-2 drops/sec. As soon as air came through themglthe column was washed twice with
10 mL of purified water, at a rate of about 2 d/eps. The AFs were then eluted from the
affinity column by passing 2.0 mL of HPLC grade hwetol through the column at a rate
of 1-2 drops/sec and the sample eluate was calléste an amber vial. By eluting the AFs
in 2.0 mL of methanol, the concentration of thea&ducorresponded to a 2-fold dilution of
the level of spiking (e.g., the spiking level oin§ of AFB, per gram of almond sample
corresponded to a concentration of 3 ng/mL of matha eluate).

The stability of purified extracts was high enoughallow autosampler overnight
injections. No significant change in concentratmmpurity of AFs within 12 hours of

analysis was observed.

Aflatoxins detection and quantification
AF detection and quantification were performed byL& as described in
Section 3.1.3.2.2.
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3.1.4.4 Aflatoxins extraction and quantification in almond samples

3.1.4.4.1 Sample preparation

Samples from the 5 tree&1 to A5) of each orchardR1 to P3) collected in 2007 and
2008 were gathered in a single sample, resultingaimplesP1/2007to P3/2007 and
P1/2008to P3/2008 The fruits left over after mycological analysiene shelled by hand
with a hammer and blanched by rapid immersion inviater. Kernels were dried on a

drying oven, ground with a coffee mill, homogeniseul stored at -20 °C until use.

3.1.4.4.2 Aflatoxins extraction

AFs were extracted from almond samples following same procedure as that

described for validation tests (cf. Section 3.12).3

3.1.4.4.3 Aflatoxins detection and quantification

AF detection and quantification were performed byLd as described in
Section 3.1.3.2.2.

3.1.5 Data analysis

3.1.5.1 Mycological data

Samples were compared for overall distributionguofyi. Contingency tables were
produced with fungal frequencies of infection, whiwere then compared by two-tailed
Fisher's exact testrisher's exact tesand Qui-square testare the tests most commonly
used to compare proportions between independenpleamvhen testing dichotomous
variables (Maroco, 2003). In our specific case,-§tjuare test could not be used because
the premises for its application were not alway$ filemany cases, more than 20% of the
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cross-tabulation cells showed count values of aleskirequencies 5) (Maroco, 2003). In
all cases, the mean differences were significaRt«10.05.

For the comparison of means of quantitative vaesbsamples were first tested for
normal distribution byShapiro-Wilktest (for n < 30) orKolmogorov-Smirnov tedffor
n> 30), and for homogeneity of variances lbgvene’s testWhenever samples followed
these criteria, variances were analysedohg-way ANOVAand Multiple Comparisons
between samples pairs were madeBopnferroni's test(for n < 30) orTukey’s tesf{for
n> 30). For samples failing the premise of homoggneitvariancesTamhane’s T2 test
was applied. Whenever samples failed the two presnisormality and homogeneity of
variances, samples were analysed pairwise by tlmepammetricMann-Whitneytest
(Maroco, 2003; Pestana & Gageiro, 2005). In allesaghe mean differences were
significant at P < 0.05.

In order to determine the fungal diversity in oangples, the indiceRichnessand
Simpson Diversity IndefSDI) were calculated based on Zak & Willig (200R)chness
corresponds to the number of species identifiedédnoh sample. Because in our study
identification only reached the section level, tmgex was adapted to the number of
Aspergillussections present in each sam@®l takes into consideration the number of
species (sections) present in the sample, as wétleaabundance of each species (section).
This index was calculated as the reciprocal for8iafpson’s Indekl/D), as follows:

SDI = 1/3(P/Py)

where:
> (Pi/Pn) corresponds to D (Simpson’s Index)
P; is number of individuals of a given section

P, is the total number of individuals

SDI is preferably used because it is more eastigrpmeted than D, for two major
reasonsi) the reciprocal form of Simpson’s Index ensure tia index increases with
increasing diversityii) the resulting value can be taken as the numbspedies (section)
which effectively contribute to diversity.

Associations among fungi were tested pairwise hymaring observed values (the
number of nuts infected by both fungi) with expéctealues (the product of the
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frequencies of each fungus alone), and by u$lhg coefficientas measure of nominal
associationPhi is used to assess association between two diclo®mwariables (2 x 2
table). Associations between fungal contaminatioh @ominal non-dichotomous variables
(origin, type of collection, stage of processing & table) were tested by usi@yamer’s

V as measure of nominal association (Maroco, 2008)both tests, association is
calculated by first calculating chi-square. Chi-agudetermines if there is a significant
relationship between variables, but it does notsueathe level of this associatidPhi
coefficientandCramer’s Vmeasures of association are post-tests that biseatiditional
information.

Both Phi coefficientandCramer’s Vvary between 0 and 1. Close to 0 there is little
association between variables. Close to 1, it Btdg a strong association. Association
values were interpreted as follows: very assoaia®i®0< Phi (orCramer’s \J < 0.30; low
0.30< Phi (orCramer’'s \J <0.50; moderate 0.50Phi (orCramer's \J <0.70; high
0.70< Phi (orCramer’'s \J <0.90; and very high 0.90Phi (or Cramer’'s \J<1.00
(adapted from low http://www.westgard.com/lessoh#tfi, accessed 20.09.2010). The
Statistical Package for Social Science SPSS Statistersion 17.0 was used for all
statistical analyses.

3.1.5.2 Aflatoxins extraction and quantification

Method validation was carried out taking into aatotihe harmonised guidelines for
in-house method validation presented in the ComonisRegulation (EC) No 401/2006.
Linearity, limits of detection (LOD), limits of qudification (LOQ), accuracy (recovery)
and precision were the parameters used to tegtettiermance of the HPLC procedure for
AFB31, AFB,, AFG; and AFG quantification.

LOD and LOQ were calculated according to the follmyvequations (Taverniers et
al., 2004): LOD=38,/b and LOQ=10s/b, wheres, is the standard deviation of the intercept
of the regression line obtained from the calibratarve and is the slope of the line. The
calibration curve used for quantification was chdted by the least-squares method in
Excel 2007.

The recovery rates of each AF were calculatedrera replicates of the two spiking
levels, by the ratio of recovered AF concentratieiative to the known spiked
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concentration. Precision was calculated in termsnth-day repeatabilityn(= 3) and
intermediate precision (inter-day within-laboratasproducibility; 2 different days) for
each AF at the two contamination levels in spikimload samples. Intra-day repeatability
(RSD) is a measurement of the variation obtained withim replicates tested each day,
and is given by the corresponding relative standd#gdiation. Intermediate precision
(RSO, is a measurement of the variation obtained beiwdsys, and is given by the
corresponding relative standard deviation.

Definitions for the performance criteria are asdats (Commission Regulation (EC)
No 401/2006; Taverniers et al., 2004):

SD, = Standard deviation, calculated from results geed under repeatability
conditions.

RSD (%) = Relative standard deviation, calculated fresults generated under
repeatability conditions [(SDnean) x 100].

SD,; = Standard deviation, calculated from results umkermediate precision
conditions.

RSD.: (%) = Relative standard deviation calculated froesults generated
under intermediate precision conditions [($[Pnean) x 100].

Commission Regulation (EC) No. 401/2006 and the eéRodCommittee on
Contaminants in Foods (CCCF, 2008), based on thateaqs determined by Thompson
(2000) and Horwitz & Albert (2006), issued that teeommended values of experimental
RSD for each concentration level must be lower tharequal to, two-thirds of the value
derived by Horwitz equation (which determines tladue for reproducibility RSD, RSi).
The theoretical RSD% is calculated on the basistltd analyte concentration,
independently of the matrix and analytical methasbdu The Horwitz equation is as
follows:

where:

C corresponds to the analyte concentration ratg. (6. x 10° for a spiked
concentration of 6 pug/kg).
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In the absence of reference values for intermedliegeision, our experimental data
for intermediate precision were compared with thki® recommended for reproducibility.
In our case, because there are only two valuesmé&an recovery to calculate Intermediate
Precision, Mean Deviation (MD) and Relative Meanviagon (RMD) substitute the

commonly used Standard Deviation (SD) and Rel&tamdard Deviation (RSD).

Peak identification was achieved with the retentiomes obtained after injection of
an AF standard solution under the same conditidRis. quantification was determined by

following a linear equation, as suggested by MideMliller (1993):

y=bx+a

where:

y is the peak area

b is the curve slope

X is AF concentration in the sample
ais the intercept on theaxis

Since extracted AFs were eluted in 2 mL of methanstead of 1 mL, the AF
concentrations measured from the calibration gr@pimg/mL) were multiplied by 2 (in
ng/qg).
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3.2 Molecular differentiation of aflatoxigenic and non-aflatoxigenic isolates

For the differentiation of aflatoxigenic and nota#bxigenic isolates, two molecular
approaches were followed. In both cases, two gemeslved in the AF production
pathway,aflD andaflQ, were subject of analysis. One approach consstel@tecting the
presence of the two genes by PCR amplificationesfognic DNA; the other consisted of
analysing their expression, under AF inductive ¢ooals, by RT-PCR of total RNA. The
nomenclature of genes adopted in this study foltbthat proposed by Yu et al. (2004b).
GeneaflD is synonymous taorl, and genaflQ is synonymous tordA andordl.

3.2.1 Detection of aflatoxin biosynthetic pathway genes

3.2.1.1 Materials and Reagents

All reagents, solutions and disposable materiakweeviously autoclaved at 121 °C

for 15 minutes, except for chloroform, isoamil dog isopropanol and ethanol.

3.2.1.2 Selection of genomic DNA extraction protocol

The development of a sensitive extraction protdool nucleic acids from pure
cultures was one important basic demand for théicgtion of PCR in this work. Simple
handling and the use of non-toxic reagents weraratbdor this extraction method.
Furthermore, optimisation of the mechanical disamptprocess for fungal mycelia was
additionally necessary. The disruption of fungdl ealls is a requirement and a major
challenge during nucleic acid extraction. Probledusng the extraction of nucleic acids
from filamentous fungi are basically caused by tmenpact cell wall structures from
chitin, cellulose, s-1-3-glucan, chitosan, and namn

Usually, grinding with mortar and pestle in ligmdrogen (N) is the most efficient
method for disruption of the rigid fungal cell walbf hyphae and conidia. Unfortunately,

this handling was not suitable for the presentystgthce Nis not always available in our
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laboratory. In the DNA purification steps, the wdg@henol/chloroform generally improves
the purity of the extracted nucleic acids, busitaxic and not suitable in routine handling.
So, we aimed at implementing a protocol that wdadduser friendly (fast and non-toxic),
economic and non-dependable on irregular sup@igsproducing genomic DNA of good
quality for PCR purposes. For this matter, we tedteo types of biological material
(mycelium and conidia) and two protocols for DNAtrextion Sodium Dodecyl Sulfate
[SDS] protocol andCetyl Trimethyl Ammonium BromidgCTAB] protocol), using
glassbeads for mechanical disruption of cell wdlstotal, four protocols were tested:
Mycelium/SDSMycelium/CTAB Conidia/SDSand Conidia/CTAB These tests were run
on 5 isolates of sectidflavi.

3.2.1.2.1 Biological material

DNA extraction was tested using two types of biatab material: mycelium and
conidia. Both types of material have disadvantageghis purpose: conidia are heavily
pigmented and have hard walls, which can resuloerDNA purity and concentration; on
the other hand, young mycelium walls are not ad,Hamt they can form a mesh around
glass beads, turning cell disruption difficult tmcamplish. On this matter, the aim was not
to obtain exclusively conidia and mycelium, butheat obtain predominantly one or the

other. The biological materials tested for DNA agtron were prepared as follows:

Mycelium

Ten mL of Malt Extract Broth (MEB: Malt Extract 2L, Glucose 20 g/L, Peptone 1 g/L) (in a
50 mL Falcon tube) were inoculated with a loop fflispores and incubated for 72 h at 25 °C, in
the dark, with agitation. Mycelium was collected bgntrifugation at 14,000 x g for 10 min,
washed twice with 10 mL of 0.85% NaCl and cent&dat 14,000 x g for 10 min. The mycelium
was collected and used for DNA extraction.

Conidia

A 6 cm Petri dish containing 10 mL of MEA was intated with a small number of spores and
incubated for 7 days at 25 °C in the dark. Coniceae used directly for DNA extraction.
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3.2.1.2.2 DNA extraction

The two methods tested for genomic DNA extracti@menas follows:

SDS(Adapted from Santos, 2004)

The biological material (mycelium or loop full ofpares) was transferred to a 15 mL tube
containing 1.5 mL of Lysis Buffer SDS (200 mM THEEI pH 8.5; 250 mM NaCl; 25 mM EDTA,;
0.5% [w/v] SDS) and approximately 1 g of sterild-0to 0.6-mm diameter glass beads (Sigma, St.
Louis, MO, USA), previously washed with nitric acilhe mixture was vortexed for 5 min at
maximum speed. Polysaccharides and proteins wepiated by adding 750 puL of cold 3 M
sodium acetate, pH 5.5. This was gently mixed bxeiision, placed at -20 °C for 10 min and
centrifuged twice at 14,000 x g for 10 min (4 °C)ean supernatant was then transferred to a new
tube and precipitated with one volume of cold isganol (-20 °C). This solution was gently mixed
by inversion for a few minutes, incubated at -208Cone hour and centrifuged at 14,000 x g for
10 min (4 °C). DNA pellet was washed twice with inD of cold 70% ethanol, centrifuged at
6,000 x g for 7 min (4 °C) and air dried. DNA wasstlved in 50 to 100 pL of ultra-pure water,
depending on the yield, and stored at -20 °C.

CTAB (Adapted from http://wwvaspergillusorg/protocols/, accessed 13.03.2007)

The biological material (mycelium or loop full ofp@res) was transferred to a 15 mL tube
containing 1.5 mL of Lysis Buffer CTAB (100 mM T#4Cl pH 8.0; 1.4 M NaCl; 20 mM EDTA
pH 8.0; 2% CTAB [p/v]; 0.4% polyvinylpyrrolidone W) [p/v]; 0.05%pB-mercaptoethanol [v/v])
and 1 g of 0.4- to 0.6-mm-diameter glass beadan(&igt. Louis, MO, USA), previously washed
with nitric acid, vortexed for 5 min at maximum speand incubated at 65°C for 15 min.
Vortexing and incubation were repeated and 1.5 rhl2411 chloroform:isoamil alcohol were
added. The mixture was thoroughly homogenized hyatign and centrifuged for 10 min at
14,000 x g. 1.2 mL of the aqueous phase were waesf into a tube containing 0.7 mL of
isopropanol and 0.1 mL of 7.5 M NBAc. The mixture thoroughly homogenized by agitatand
centrifuged for 10 min at 14,000 x g. The supemiatgas discarded and the pellet (DNA) was
washed with 1.5 mL of cold 70% ethanol (-20 °C)Jofeed by a centrifugation for 10 min at
14,000 x g. The supernatant was discarded and dlet pvas air-dried until all the ethanol had
evaporated. DNA was dissolved in 50 to 100 pL tkdgbure water and stored at -20 °C.

Quality and concentration of genomic DNAs obtairfiexn the different protocols
were determined by horizontal gel electrophoresisd aby spectrophotometry.
Electrophoretic analysis was done on 1% agarose \gegh Tris-Acetate-EDTA buffer
(TAE: 40 mM Tris-HCI; 40 mM acetic acid; 1.0 mM EBT pH 8.0) stained with GelRed
(VWR). Runs were made in TAE buffer, at constaritage of 5 V/cm for approximately
one hour. Five pL of genomic DNA and one pL of @amBlue Loading Buffer (Promega)
were loaded on the gel. DNA was visualised underlight and images were obtained by
the image analysis system Eagle Eye Il (Stratagéite)the spectrophotometric analysis,

121



Chapter 3 Materials and Methods

absorbance readings were made at 230 nm (A230)n@6MA260) and 280 nm (A280) in

guartz cuvettes. DNA concentration was calculasetbbows:
[DNA] pg/mL = A260 x Dilution Factor x 50

DNA purity relative to protein contamination is giv by the ratio Asi/A2s0, Which
should render between 1.8 and 2.1. Lower valuestddmgh protein contamination, and
DNA should be further treated with proteinase K gootein digestion. The ratioAyA23o
indicates salt and amino acid contamination. Ismlé the range 1.8-2.1, DNA should be
further washed with ethanol. Figures 3.11 and 3r&@resent the results for the
spectrophotometric analysis of the genomic DNA miaté by the 4 extraction protocols.
Gel electrophoresis results are given in Figur8.3.1
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Figure 3.11 Spectrophotometric results of the levels of gufidir the genomic DNA obtained by
the 4 extraction protocols (n=5): A) A260/A280; B260/A230 ratios. Horizontal
bar indicates reference value.
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Figure 3.12 DNA concentration obtained by spectrophotometry5jn Vertical bars indicate
maximum and minimum values.
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Figure 3.13Electrophoresis results for the genomic DNAs olgdiby the four protocols tested. A:
Mycelium/SDSB: Mycelium/CTABC: Conidia/SD$SD: Conidia/CTAB Lanes 1to 5
in each gel correspond to the 5 isolates tested.

Considering the results of spectrophotometric aledt®phoretic analyses, DNAs
extracted from mycelium, independently of the eoticm protocol, were considered
unsuitable for genomic DNA extraction AkpergillussectionFlavi. These results denote
that mycelium is not suitable for mechanical disiap with glass beads. On the other
hand, DNAs obtained from protocols using conidiansed to have good quality and were
selected for further testing.

Genomic DNAs obtained by the selected methGdaidia/SDSand Conidia/CTAB
were further tested for purity and concentrationR§yR. The universal primers ITS1-F
(5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS4 (5-TCCTCCGCTTATTGATATGC-3))
(White et al., 1990; Gardes & Bruns, 1993), whichpéfy a 600 bp segment of the
ITS1/5.8S/ITS2 region of the rRNA gene, were usadthis purpose. PCRs were run on
25 L reaction mixtures in a BioRad Mycycler theltyaler. Table 3.4 summarises the

PCR mix and programme used.
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Table 3.4PCR conditions used for the amplification of th& Iregion.

Reaction Mix (25puL) ITS (ITS1-F/ITS4)
GoTaq Flexi Colourless Buffer without Mg(Cl 1x

MgCl, 1.5mM

GoTaq Flexi DNA Polymerase (Promega, #M8305) 1.25U
dNTPs (dNTP Mix, Promega, #U1511) 0.2 mM
Primer Forward 0.2M

Primer Reverse 0.zM

Genomic DNA 50 ng

Amplification Programme

Initial denaturation 94 °C, 3 min
Denaturation 94 °C, 30 se
Annealing 55 °C, 30 sec| 35x
Extension 72 °C, 2 min

Final extension 72 °C, 10 min

PCR products were separated on a 1.5% agarose/€AKBtgined with GelRed and
compared to the DNA size marker 100 bp DNA Laddérrofhega, #G2101).
Electrophoretic runs and image acquisition werprasiously described.

Figure 3.14 Iillustrates the results of the ITS oegiamplification. As can be
observed, genomic DNAs obtained by both methode ierind to be equally suitable for
PCR analysis. Since protocobnidia/SDSs more economic and user-friendly (faster and
non-toxic), it was elected as the best method aasl tverefore adopted for further DNA

extractions.

Figure 3.14 Electrophoretic results of the ITS region ampéfion. Lanes: 1 to 5 — Samples
obtained by the protoc@onidia/SDS 6 to 10 — Samples obtained by the protocol
Conidia/CTAB M — 100 bp DNA ladder.
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3.2.1.3 Detection ofaflD and aflQ genes

3.2.1.3.1 Isolates tested

Thirty-five isolates previously identified and chaterised for their aflatoxigenic
ability were tested for the presence aifD and aflQ. The list of isolates is given in
Table 4.27 (Chapter 4).

3.2.1.3.2 Genomic DNA extraction

Genomic DNA for the detection ddfID and aflQ genes was extracted with the
protocolconidia/SDS$as described in Section 3.2.1.2.

3.2.1.3.3 Multiplex-PCR amplification

GenesaflD and aflQ were amplified simultaneously in a single PCR afiggltion
(multiplex-PCR), using the primer pairs norl-F/n&knd ord1l-gF/ord1-gR, respectively.
aflID primers were specifically designed in this studflQ primers were selected from
previous studies. Table 3.5 shows a list of prinaard details. Table 3.6 summarises the
multiplex-PCR conditions.

The housekeeping gernebl coding forp-tubulin (primer pair tubl-F/tubl-R) was
used as internal amplification control. PCR produwgere visualised by electrophoresis in

agarose gel as previously described.

Table 3.5 Details of the target genes, primer sequencesapécted product length in base pairs
(bp) for PCR and RT-PCR.

PCR RT-PCR
Primer product size product
pair Gene Primer sequence (523’) (bp) size (bp) Reference
Tubl-F GCT TTC TGG CAA ACC ATC TC Scherm et al., 2005
Tubl-R tubl GGT CGT TCATGT TGC TCT CA 1406 1198 Scherm et al., 2005
Norl-F aflbb ACC GCTACGCCGGCACTCTCGGCAC This study
Norl-R GTT GGC CGC CAG CTTCGACACTCC G 400 400 This study
Ord1l-gF TTA AGG CAG CGG AAT ACA AG Sweeney et al., 2000
Ord1-gR GAC GCC CAAAGC CGAACACAAA 719 599 Sweeney et al., 2000
Ord1-cR aflQ  GAATATCTGGACGTTTACCC 487 Degola et al., 2007
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Table 3.6 PCR conditions used for the multiplex amplificatiof genesubl, aflD andaflQ.

Reaction Mix
GoTag Flexi Colourless Buffer without MgCl 1x

MgCl, 1.5mM
GoTaq Flexi DNA Polymerase (Promega, #M8305) 1.25U
dNTPs (ANTP Mix, Promega, #U1511) 0.2mM
Each primer Forward 02

Each primer Reverse O
Genomic DNA 25 ng
Amplification Programme

Initial denaturation 94 °C, 3 min
Denaturation 94 °C, 1 min
Annealing 55°C, 1 min | 30x
Extension 72°C, 1 min
Final extension 72 °C, 10 min

3.2.2 Analysis of aflatoxin gene expression

3.2.2.1 Materials and reagents

All non-plastic materials used for RNA extracti@pétulae, filter paper, mortar and
pestle) were sterilised in a sterilisation oved @@ °C, over-night, and refrigerated (-20 °C)
before use. Plastic material (eppendorf tubes, RMBS) was sterilised by autoclaving at
121 °C for 1 hour. RNase-free filter pipette tiperev used. Water was treated with
0.1% diethyl pyrocarbonate (DEPC), left over nightl autoclaved at 121 °C for 1 hour to
eliminate DEPC. All the solutions were prepared hwiDEPC-treated water. The
electrophoresis equipment (tank, trays and combs)wged exclusively for RNA analysis,
and was regularly washed with 10% SDS and DEPGereaater.

3.2.2.2 Biological material preparation

Biological material for total RNA extraction wasepared by growing the isolates
under both AF inducive and non-inducive conditiofisventy five mL of YES (AF
inducive) and YEP (non-inducive) broths (in a 50 RFdlcon tubes) were inoculated with a
loop full of spores. This culture was incubatediramtally for 4 days at 25-28 °C, in the

dark, with slight agitation. The mycelia were cotkd with a sterile spatula, dried in sterile
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absorbent paper and rapidly divided into aliqudtd4@ mg. Mycelia were immediately
used for RNA extraction. All RNA extractions wererfpormed on freshly produced

material.

3.2.2.3 Selection of total RNA extraction protocol

As for DNA extraction, we aimed at establishingratpcol for total RNA extraction
that would be economic, fast, user-friendly and dependable on irregular supplies
(namely liquid nitrogen). For that matter, we tes& protocols of biological material

maceration and 2 protocols of total RNA extraction.

3.2.2.3.1 Maceration of biological material

The maceration of the biological material used RNA extraction is probably the
most important step of the procedure when it cotnd®eping RNA integrity. Maceration
with liquid N, is the most feasible method for fungal materiat, fequires extra cares and
skills to avoid RNA contamination and degradatias,is dependent on regular supply. In
this study, we attempted to implement a maceragpi@iocol that would substitute this
procedure. The protocols tested, maceration with diass beads and the mechanical
homogenisemissueRuptofQiagen), are herein described.

Liquid Nitrogen

One hundred mg of mycelium were ground to a fine/ger with N, in a cold mortar and pestle.
The powder was transferred with a residual amotiht,anto a 2.0 mL eppendorf tube previously
refrigerated in N Immediately after the Nhad completely evaporated, the extraction buffer
(dependent on the extraction protocol) was addbd.mixture was homogenised by inversion and
used for RNA extraction.

Glass beads

One hundred mg of mycelium were placed in a 2.0eappendorf tube containing the extraction
buffer and 0.5 g of glass beads (previously waskigid nitric acid and DEPC-treated water). The
mixture was vortexed for 5 min and directly usedRNA extraction.

TissueRuptor

One hundred mg of mycelium were placed in a 2.0eappendorf tube containing the extraction
buffer. The mixture was homogenised for 5 min with TissueRuptor and directly used for RNA
extraction.
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3.2.2.3.2 Total RNA Extraction

After mycelium maceration, two RNA extraction prodts were tested. THRNeasy
Plant MiniKit (Qiagen) is one of the most cited methods of RM&agtion, and gives
good results for filamentous fungi. The disadvaatag that it is very expensive, and
therefore not suitable for a large number of sasy@®, we tried to establish an alternative
protocol with theTRIzol reagent (Invirogen). The procedures followed thetqrols

described by the manufacturers, with minor adaptati

RNeasy Plant Mini Kit (Qiagen)

Mycelium was homogenised in 450 pL of RLT or RLCffeu containing 10 pL/mL of-
mercaptoethanol as described ahead and vortexenlougly. The lysate was transferred to a
QIAshredder spin column (lilac) placed in a 2 mllection tube, and centrifuged at 12000 g for
2 min. The supernatant of the flow-through was feélsetransferred to a new microcentrifuge tube
without disturbing the cell-debris pellet in thelleotion tube. 0.5 volumes of 96% ethanol were
added to the cleared lysate, and mixed immedidiglgipetting. The sample was transferred to an
RNeasy spin column (pink) placed in a 2 mL colleetitube and centrifuged for 15 sec at
8,000 x g. The flow-through was discarded and fl0@f Buffer RW1 were added to the RNeasy
spin column. The lid was gently closed and the $amas centrifuged for 15 sec at 8,000 x g. The
flow-through was discarded and 80 pL of DNase | if@®iagen) were placed directly on the
membrane. The sample was incubated for 15 minaah temperature and 3%Q of Buffer RW1
were added. The lid was gently closed and the samas centrifuged for 15 sec at 10,000 x g. The
flow-through was discarded and 500 of Buffer RPE were added to the RNeasy spin colum
wash the column membrane. The sample was centdfémel5 sec at 8,000 x g and the flow-
through was discarded. The washing procedure wasated. The sample was centrifuged for
1 min at 12,000 x g. The RNeasy spin column wasegalan a new 1.5 mL collection tube and
40 uL of RNase-free water was added directly to tha spiumn membrane. The RNA was eluted
by centrifugation for 1 min at 8000 g, and storeeBa °C.

TRIzol (Invitrogen)

Mycelium was homogenised in 1 mL of TRIzol as démadt ahead and then incubated for 5 min at
room temperature. 200 pL of chloroform were addedl the tube was securely capped. The tube
was vigorously shaken by hand for 15 sec and irtegbat 15 to 30 °C for 2 to 3 min. Samples
were centrifuged at 12,000 x g for 15 min at 4 FGllowing centrifugation, the mixture separated
into a lower red, phenol-chloroform phase, an pitase, and a colourless upper aqueous phase.
The aqueous phase was transferred into a freshantes00 pL of isopropanol were added to
precipitate the RNA. Samples were incubated fomli® at room temperature and centrifuged at
12,000 x g for 10 min at 4 °C. Supernantant wasok&d and the pellet (RNA) was washed once
with 1 mL of cold 75% ethanol. The sample was mikgdsortexing and centrifuged at 7500 g for
5 min at 4 °C. The RNA pellet was air-dried forco2t0 min, redissolved in 40 uL of RNase-free
water and stored at -80 °C.

Total RNA samples were visualised by horizontaketghoresis in 1.5% agarose

gels, under the conditions described for DNA analy€onsidering the electrophoresis
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results shown in Figure 3.15, we rejected macaratiith glass beads and extraction with
TRIzol. The next step was to determine the suitgbibf the samples for reverse-
transcription PCR (RT-PCR), in terms of RNA quabiyd DNA contamination. RT-PCR
was tested on samples obtained kyadd TissueRuptor maceration and extraction with
RNeasy Plant MiniKit.

T g78g3s 44: 5 6 7O 9  JA0F 11 928 1314
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Figure 3.15Electrophoresis of total RNA samples obtainedlifigrent protocols. 1 - N RNeasy
Plant Mini Kit (RLT buffer); 2 - N, RNeasy Plant Mini Kit (RLC buffer); 3 and 4 -
Ny, Trizol; 5 and 6 - Glass Beads, Trizol; 7 and @lass Beads, RNeasy Plant Mini
Kit (RLC buffer); 9 to 11 - TissueRuptor, RNeaswfl Mini Kit (RLC buffer); 12 to
14 - N,, RNeasy Plant Mini Kit (RLC buffer).

RT-PCR was performed in 20 pL reaction One-StepPRR Pre-Mix kit (INTRON
Biotechnology, Gyeonggi-do, South-Korea). RT-PCRaille are described in Table 3.7.
The PCR amplification parameters followed thoseregal by Degola et al. (2007).

Table 3.7 RT-PCR conditions used for the multiplex ampéfion of genetubl, aflD andaflQ.
Reaction Mix (20puL)

One-Step RT-PCR Pre-Mix 8uL

Each primer Forward 02

Each primer Reverse O

Total RNA lug
Amplification Programme

Reverse Transcription 45 °C, 30 min
Initial denaturation 94 °C, 4 min
Denaturation 94 °C, 1 min
Annealing 60 °C, 1 min | 5x
Extension 72 °C, 1 min
Denaturation 94 °C, 1 min
Annealing 55°C, 1 min | 30x
Extension 72 °C, 1 min
Final extension 72 °C, 6 min
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To check for the presence of genomic DNA contanonah the RNA samples, PCR
was carried out as described for the amplificaitep of RT-PCR, using the same sets of
primers and 1 pg of total RNA as template. The prswused for gene expression detection
included those previously mentioned (see Table. 3B¢ housekeeping geriebl was
used as IAC in both PCR and RT-PCR amplificatidrie amplification results are shown
in Figure 3.16.

M 12 3 4 5.6 7«8 9 10 11 12

. 8 @ 30...

Figure 3.16 RT-PCR and PCR amplifications of total RNA for gstubl, aflD andaflQ. M - 100
bp DNA ladder (Promega); 1, 3 and 5 — RT-PCR fastieRuptor macerated samples;
2, 4 and 6 — PCR for TissueRuptor macerated samplé&sand 11 - RT-PCR for,N
macerated samples; 8, 10 and 12 - PCR fanicerated samples.

As can be observed in Figure 3.16, RNA obtainett WissueRuptor maceration was
not suitable for RT-PCR under the tested conditi@s the other hand, Nmaceration
produced total RNA with quality and concentratiatequate to RT-PCR, and no genomic
DNA contamination was detected. Given these reswiksfound that, for RNA extraction,
we could not eliminate the use of for biological material maceration. Furthermoteg t
TRIzol extraction protocol was found to be inadegquir our samples. Consequently,
RNA samples used in subsequent analysis were @otddy N mycelium maceration
followed by extraction with the Qiagen RNeasy PlslimiKit.
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3.2.2.4 Detection ofaflD and aflQ gene expression

3.2.2.4.1 Isolates tested

All isolates were produced under AF inductive ctiods (YES broth). In order to
confirm that the AF genes were not expressed unde+inductive conditions, 5 of them
were also grown on YEP broth. Even though all thesdates had already been
characterised for their aflatoxigenic ability, aftaycelium collection both YEP and YES
broths were analysed by HPLC, to confirm the catreh between gene expression and
AF production. This test is important because A&dpction is extremely dependent on
growth conditions, so it was important to determaflatoxigenic ability under the current

test conditions.

3.2.2.4.2 Total RNA extraction

Total RNA was extracted with the protocol describe&ection 3.2.2.3.

3.2.2.4.3 Reverse-Transcription PCR (RT-PCR)

RT-PCR was performed as described in Section 3.2.2(Table 3.7). RT-PCR

products were visualised by electrophoresis in@gagels as previously described.
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3.3 AspergillussectionFlavi

3.3.1 Identification and characterisation of strains from AspergillussectionFlavi

After general morphological identification, isolatielentified as belonging to section
Flavi were subject of further analysis. This Sectionthe thesis describes the various
methods - phenotypic, genetic and spectral — thatewapplied to the isolates for
taxonomic purposes.

Classic phenotypic analysis included several maand micromorphological
features and the extrolite profile relative to Adrel CPA. A group of selected isolates was
identified based on DNA sequence analysis of twoogec DNA regions — the ITS region
and the calmodulin gene. Spectral analysis wasdbaserotein mass spectra by MALDI-
TOF ICMS.

3.3.1.1 Phenotypic analysis

3.3.1.1.1 Morphological characterisation

Besides the morphological characterisation desdribe Section 3.1.2.4 and
Section 3.1.3, isolates were also cultured on CZAZPC, and colony diameter was

measured after 7 days of incubation (Kurtzman.etlB7).

3.3.1.1.2 Mycotoxigenic profile

Production and analysis of aflatoxins
All isolates were tested for aflatoxigenic abilily fluorescence on CAM and HPLC

analysis, as described in Section 3.1.3.2.
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Production and analysis of cyclopiazonic acid

The strains were tested for cyclopiazonic acid YACAIIl strains were inoculated on
6 cm diameter Petri dishes and incubated at 25f@4 days, in the dark (Ggaleni et al.,
1997). Then the methodology of Bragulat et al. @08as employed, as already described
for AF analysis (Section 3.1.3.2.2).

Samples were analysed using a HPLC equiped witlsdhee autosampler and pump
previously mentioned, and with a Varian 2050 UV ed&dr set to 285 nm.
Chromatographic separations were performed on apirer 100 Nk column (Knauer,
4.6 mm x 250 mm, Jm), fitted with a precolumn with the same statignphase. The
mobile phase consisted of an isocratic programcefamitrile:50 mM ammonium acetate
(3:1, v/v), pH 5, and was pumped at 1.0 mL/min. irfjection volume was 100L.

Cyclopiazonic acid standard was supplied by Sig&tal(ouis, MO, USA). Samples
were taken as positive when yielding a peak attant®n time similar to the CPA

standard, with a height five times higher thantibseline noise.

3.3.1.1.3 Data analysis

Twenty-four isolates spanning the various phenaypere selected for phenotypic
cluster analysis. From these isolates, four of tinare used as laboratory reference strains
(MUM 92.01 and MUM 10.220 foA. flavus MUM 92.02 forA. parasiticusand MUM
09.03 forA. tamari). The remaining 20 isolates were field isolatetamied in this study
and were divided in two groups: one group of eigbtates with consistent phenotypic
characterisation that were easily assigned to dnéhe previously mentioned species
(MUM 10.200, MUM 10.202, MUM 10.207, MUM 10.209 aitiUM 10.218 identified as
A. flavus MUM 10.201 and MUM 10.216 identified &s parasiticus and MUM 10.217
identified asA. tamari), and another group of 12 isolates with problematienotypic
characterisation that could not be assigned to ainthe main species (MUM 10.203,
MUM 10.204 MUM 10.205, MUM 10.206, MUM 10.208, MUNIO.210, MUM 10.211,
MUM 10.212, MUM 10.213, MUM 10.214, MUM 10.215 aiMiUM 10.219).

A cluster analysis was made to create homogendasters of strains based on 8
phenotypic characters: colony colour on CYA; coaidurface; reverse on AFPA; AFBs

production; AFGs production; CPA production; chréoggaphic pattern of AFs; and
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chromatographic pattern of CPA. Twenty-four isatagpanning the various phenotypes
were selected for phenotypic cluster analysis. Fiio@se isolates, four of them were used
as laboratory reference strains (MUM 92.01 and MUMR20 forA. flavus MUM 92.02
for A. parasiticusand MUM 09.03 forA. tamari). The remaining 20 isolates were field
isolates obtained in this study and were dividetivia groups: one group of eight isolates
with consistent phenotypic characterisation thateweasily assigned to one of the
previously mentioned species (MUM 10.200, MUM 1@2MUM 10.207, MUM 10.209
and MUM 10.218 identified a&. flavus MUM 10.201 and MUM 10.216 identified #s
parasiticus and MUM 10.217 identified a&. tamari), and another group of 12 isolates
with problematic phenotypic characterisation thaild not be assigned to any of the main
species (MUM 10.203, MUM 10.204 MUM 10.205, MUM 206, MUM 10.208, MUM
10.210, MUM 10.211, MUM 10.212, MUM 10.213, MUM 204, MUM 10.215 and
MUM 10.219).

The cluster analysis and the dendrogram of relassinvere performed with the
statistical package JMP 8.0.2 (SAS Institute Inde Complete Linkage method with
Euclidean distance was used as the distance iadtex,variable normalisation asscores,

to yield equal metrics and equal weighting.

3.3.1.2 Genetic analysis

3.3.1.2.1 Isolates tested

The isolates submitted to genetic analysis wereanee as those used for phenotypic
cluster analysis (Section 3.3.1.1.3).

3.3.1.2.2 DNA extraction

DNA extraction for sequence analysis followed thet@col Conidia/SDSpreviously
described (Section 3.2.1.2).
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3.3.1.2.3 PCR amplification

Genotypic analysis was done for two DNA segmentgegdly used for taxonomic
purposes of fungi: a portion of the rRNA gene (spag part of the 18S ribosomal RNA
gene, the internal transcribed spacer 1, the 5iB&amal RNA gene, the internal
transcribed spacer 2, and part of the 28S ribosdRiNA gene), and a portion of the
calmodulin genedmd comprising part of exon 2, exons 3 to 5, parexdn 6 and introns
2 to 5). Primer pairs used for this analysis weB®\W.S266 and CL1-CL2A, respectively.
Primer details are listed in Table 3.8. PCR anuadiions were run on 50 pL reaction
mixtures in a thermal cycler BioRad Mycycler. PORpdification details are presented in
Table 3.9.

Table 3.8 Primers used in this study, target gene, sequamtexpected PCR product size.

Primers Gene  Primer sequence (5»3’) PCR product size (bp) Reference

VoD ITS TTAAGTCCCTGCCCTTTGTA Gerrits van den Ende
LS266 region GTAGTCATATGCTTGTCTC 950 & de Hoog, 1999
CL1 GARTWCAAGGAGGCCTTCTC O’Donnell et al.,
CL2A emd TTTTGCATCATGAGTTGGAC 730 2000

Table 3.9PCR conditions used for the amplification of th& Iregion and partial calmodulin gene.

Reaction Mix (50puL) ITS Calmodulin
GoTaq Flexi Colourless Buffer without MgCl 1x 1x

MgCl, 1.5 mM 1.5 mM
GoTaq Flexi DNA Polymerase (Promega, #M8305) 1.25U 1.25U
dNTPs (dNTP Mix, Promega, #U1511) 0.2 mM 0.2 mM
Primer Forward 0.4M 0.4uM
Primer Reverse 0.4M 0.4uM
Genomic DNA 50 ng 100 ng

Amplification Programme

Initial denaturation 95 °C, 5 min 95°C, 10 min
Denaturation 95 °C, 30 sec 95 °C, 50 sec
Annealing 62 °C, 1 min | 30x 55°C, 50 sec | 35x
Extension 72°C, 2 min 72°C, 1 min

Final extension 72°C, 5 min 72°C, 7 min
Reference Gerrits van den Ende  O’Donnell et al., 2000

& de Hoog, 1999
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PCR products were visualised as previously desgriGencentration was compared
to that of the nearest band of the 100 bp DNA lad#¢hen PCR product concentration
was lower than 10 ng/uL, the PCR reaction was tegean order to obtain sufficient

amount for sequencing.

3.3.1.2.4 PCR product purification

Before sequencing, the PCR products previously ildda were purified from
excessive dNTPs and primers with the commerciaP&R Product Purification Genomed
JetQuick, according to the instructions of the nfacwrer. The protocol is herein
described. After the purification step, purified R@roduct concentration was confirmed

by electrophoresis as previously described andfeestequencing.

Protocol for PCR Product Purification (Genomed JETQUICK)

Four hundred pL of H1 solution were added to théRREoduct and thoroughly mixed. This

mixture was loaded on a JETQUICK spin column plaoceal 2 mL receiver tube and centrifuged at
12,000 x g for 1 min. The flowthrough was discardEde column was again loaded with 500 pL
of solution H2 and centrifuged at 12,000 x g fomih. The flowthrough was discarded and
centrifugation was repeated. The JETQUICK spin molwas transferred to a 1.5 mL eppendorf,
loaded with 50 pL of sterile ultra-pure water amahtcifuged at 12,000 x g for 2 min. The column
was discarded and the collected DNA was stored(atC.

3.3.1.2.5 DNA sequencing

Sequence analyses were performed on an ABI 37304A Bnalyser (Applied
Biosystems), by outsourcing. PCR products wereesgzpd in both directions.

3.3.1.2.6 Sequence analysis

Sequence analysis was done on the 24 sequenceasedbita the present study plus
22 sequences retrieved from GenBank. The GenBagliesees corresponded to the
reference strains for the most important speciesently identified in sectiorFlavi. All

strains and the corresponding accession numbelstaein Table 3.10.
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Table 3.10 AspergillussectionFlavi included in this study’ (designates a culture ex-type).

Strain number Source GenBank accession GenBank Species name
number accession
Calmodulin number
ITS

MUM 10.238 Arachis glabratdeaf; EF202049 A. arachidicola
(CBS 117610) Argentina
CBS 117187 Frass in a silkworm rearing EF202029 A. bombycis

house; Japan
CBS 763.97 Soil; USA EF202035 A. caelatus
MUM 10.234" (CBS 110.55)| Air contaminant; Brazil EF202056 A. fasciculatus
CBS 484.65 Air contaminant; Brazil EF202032 A. flavofurcatus
MUM 10.237 (CBS Cellophane; South pacific EF202063 A. flavus
100927) Islands
CBS 485.65 Butter, Japan EF202053 A. flavusvar. columnaris
MUM 10.236 (CBS 542.69)| Stratigraphic core sample; EF202069 A. kambarensis

Japan
MUM 10.239 (CBS 151.66)| Dung dfepus townsendii EF202078 A. leporis

USA
MUM 10.240 (CBS Arachis hypogeaeed; EF202072 A. minisclerotigenes
117635) Argentina
MUM 09.02" (NRRL 13137)| Wheat; USA EF202028 A. nomius
MUM 10.247 (CBS Unknown source; Japan EF202055 A. oryzae
100925)
CBS 100926 Pseudococcus calceolariae EF202043 A. parasiticus

sugar cane mealy bug;

Hawaii, USA
CBS 260.67 Unknown source; Japan EF202042 A. parasiticussar. globosus
MUM 10.235 (CBS 121.62)| Arachis hypogeaNigeria EF202077 A. parvisclerotigenus
CBS 766.97 EF202030 A. pseudotamarii
MUM 10.241 (CBS Soy sauce; Japan EF202041 A. sojae
100928)
CBS 501.65 Cotton lintafelt; UK EF202064 A. subolivaceus
CBS 104.13 Activated carbon; EF202034 A. tamarii
CBS 580.65 Soil; USA EF202047 A. terricolavar. americanus
CBS 120.51 Culture contaminant; UK EF202070 A. thomii
CBS 822.72 Arachis hypogeaUganda EF202046 A. toxicarius
MUM 92.01 (NRRL 6412) HQ340098 HQ340109 A. flavus
MUM 92.02 (NRRL 3386) HQ340099 HQ340110 A. parasiticus
MUM 09.03 (NRRL 427) HQ340100 HQ340111 A. tamarii
MUM 10.200 (07AAsp37) | Prunus dulcisut; Portugal HQ340078 HQ340101 A. flavus
MUM 10.201 (07AAsp43) Prunus dulcishut; Portugal HQ340079 HQ340102 A. parasiticus
MUM 10.202 (08AAsp35) | Prunus dulcisut; Portugal HQ340080 HQ340103 A. flavus
MUM 10.203 (08AAsp37) Prunus dulcishut; Portugal HQ340081 A. flavus
MUM 10.204 (08AAsp42) Prunus dulcishut; Portugal HQ340082 HQ340104 A. flavus
MUM 10.205 (08AAsp67) Prunus dulcishut; Portugal HQ340083 HQ340105 Aspergillussp.
MUM 10.206 (08AAsp116) | Prunus dulcisut; Portugal HQ340084 HQ340106 A. flavus
MUM 10.207 (08AAsp179) | Prunus dulcisut; Portugal HQ340085 A. flavus
MUM 10.208 (08AAsp183) | Prunus dulcisut; Portugal HQ340086 Aspergillussp.
MUM 10.209 (08AAsp225) | Prunus dulcisut; Portugal HQ340087 HQ340107 A. flavus
MUM 10.210 (08AAsp252) | Prunus dulcisut; Portugal HQ340088 A. parasiticus
MUM 10.211 (09AAsp146) | Prunus dulcisut; Portugal HQ340089 Aspergillussp.
MUM 10.212 (09AAsp187) | Prunus dulcisut; Portugal HQ340090 A. parasiticus
MUM 10.213 (09AAsp240) | Prunus dulcisut; Portugal HQ340091 A. parasiticus
MUM 10.214 (09AAsp260) | Prunus dulcisut; Portugal HQ340092 Aspergillussp.
MUM 10.215 (09AAsp266) | Prunus dulcisut; Portugal HQ340093 A. parasiticus
MUM 10.216 (09AAsp304) | Prunus dulcisut; Portugal HQ340094 A. parasiticus
MUM 10.217 (09AAsp392) | Prunus dulcisut; Portugal HQ340095 A. tamarii
MUM 10.218 (09AAsp478) | Prunus dulcisut; Portugal HQ340096 A. flavus
MUM 10.219 (09AAsp494) | Prunus dulcisut; Portugal HQ340097 Aspergillussp.
MUM 10.220 (05UasBr01) Grapes; Brazil HQ340077 HQ340108 A. flavus
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3.3.1.2.7 Sequence editing and alignment

For the sequences obtained in this study, a consesgxjuence was created from the
assembly of the forward and backward sequenceg tisnpackage Sequencher 4.9 (Gene
Codes, Ann Arbor Michigan). The consensus sequemngs® manually adjusted by
chromatogram comparison.

Sequence alignments were made with CLUSTAL W (Thawnpet al., 1994).
Distance matrices were produced and analysed hdtlpackage MEGA version 4 (Tamura
et al., 2007).

3.3.1.2.8 Phylogenetic analysis

The phylogenetic analysis was used for taxonomipgees. Our data were analysed
by four different methods of phylogenetic inferenBestances(Neighbour-Joining NJ),
Maximum ParsimonyMP), Maximum LikelihoodML) and Bayesian InferencéBl). Each
of these methods is herein briefly explained, basedHall (2008). NJ is a distance
method. It converts aligned sequences into a distanatrix of pairwise differences
(distances) between the sequences, and uses thg asathe data for phylogenetic tree
construction. MP, ML and BI are character-basedhoat, and use multiple alignment
directly by comparing characters within each colugite) in the alignment. MP looks for
the tree or trees with the minimum number of changfecan happen that there are several
trees only slightly different with the same numimdrchanges, and that are therefore
equally parsimonious. ML looks for the tree thahder some model of evolution,
maximises the likelihood of observing the dataalihost always recovers a single tree.
One advantage of ML is that the likelihood of tlesulting tree is known. The confidence
in the structure of the trees obtained with théseet methods needs to be assessed by
bootstrapping for a number of replicates. Bl isaaant of ML. Instead of seeking the tree
that maximises the likelihood of observing the détgeeks those trees with the greatest
likelihoods given the data. Instead of producirgjrayle tree, Bayesian analysis produces a
set of trees with roughly equal likelihoods. Theguency of a given clade in any set of
trees is virtually identical to the probability thfat clade. In this case, no bootstrapping is

necessary.
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Trees are generally rooted by using an outgroupesemtative of a different species
or section. For our study,. leporiswas used as outgroup. This species belongs tsathe
section as test strains, but is somewhat distanm the other species of the section, so we
considered that it could be successfully used &grouwp on phylogenetic analysis of our
isolates, which are very closely related. Monophwés imposed for all taxa. Phylogenetic
trees were edited using the program TreeView (PE@5).

Nucleotide Substitution Model

For NJ, ML and BI analysis, the sequence alignmesyisesenting raw data need to
be corrected by a Nucleotide Substitution (Evoheiy) Model. The appropriate
evolutionary model is dependent on the type of datder analysis, and has to be
determined by specific software. The optimal evohary correction model was found
with the jModeltest 0.1.1 package (Posada, 20G8hguthe Akaike Information Criterion
(AIC) (Akaike, 1973). The GTR+G (general time-resibte; Tavaré, 1986) model with

gamma-distribution was selected to correct raw.data

Neighbour-Joining
Corrected distance matrices were used to congtradiJ tree using MEGA 4. Gaps
were treated as'5character and all sites were included. To detegrttie support of each

clade, a bootstrap analysis was performed with X8plications.

Maximum Parsimony

The MP analysis was done with PAUP* (Swofford, 20Q&ing raw data. All sites
were included in the analysis, and were unordened af equal weight. Maximum
parsimony analysis was performed for all data seisg the heuristic search option with
100 random taxa additions and tree bisection andnstruction (TBR) as the branch-
swapping algorithm. Branches of zero length welkapsed and all equally parsimonious
trees were saved. A consensus tree was generdtedoustness of the trees obtained was

evaluated by 1000 bootstrap replications.
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Maximum Likelihood
ML trees were created with PAUP* using correctethd&aps were treated a8 5
character and all sites were included. To deterrthieesupport of each clade, a bootstrap

analysis was performed with 1000 replications.

Bayesian Inference

The phylogenetic inference using a Bayesian appreas tested with the program
MrBayes 3.1.2 (Huelsenbeck & Ronquist, 2003). Comusaobtained with jModeltest for
distance correction were adapted to MrBayes. ThatM&arlo Markov Chain (MCMC)
analysis was run for a number of generations endogheach convergence (standard
deviation of split frequencies < 0.01), usually 5X. Every 100 generations, a tree was
sampled, and the first 25% trees were discarddelasin. Branches whose support was
<50% were collapsed into a polytomy (Cut-off Valiee Consensus Tree = 50%). The
consensus tree with the posterior probability afhemternal node was calculated from

75% of the obtained trees.

3.3.1.3 Spectral analysis by MALDI-TOF ICMS

3.3.1.3.1 Isolates tested

One-hundred and nineteen isolates were includethig analysis. Ten of these
isolates correspond to type-strains or referen@enst for the most significant species:
flavus (MUM 92.01 and MUM 00.06)A. parasiticus(MUM 92.02), A. tamarii (MUM
09.03 and MUM 09.04),A. arachidicola (MUM 10.238), A. minisclerotigenes
(MUM 10.240), A. oryzae(MUM 10.242), A. parvisclerotigenugMUM 10.235) andA.
sojae (MUM 10.242). The remaining isolates were fieldla&es selected on a way that
they would be representative of all phenotypestified, with major incidence on those
phenotypes that could not be assigned to any krspg&nies. From each phenotype, typical
and atypical isolates were submitted to analystgpigal isolates were those bearing one
or more features found atypical for that phenotygg, cream, instead of orange, reverse
on AFPA; green, instead of blue, fluorescence onMCAlifferent shade of green.
A. leporis(MUM 10.239) was used as outgroup.
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3.3.1.3.2 Growth conditions

For the analysis of th&spergillusisolates, a small number of spores was transferred
from 7 day old cultures to 6 cm Petri dishes caomitgg 10 mL of MEA. Cultures were
incubated in the dark for 5 days at 28 ®3cherichia colistrain DH@, used as control
(external calibration), was obtained from the Mex& da Universidade do Minhg. coli
cells were grown on Luria-Bertani medium agar (11B; g/L bacto-tryptone, 5 g/L bacto-
yeast extract, 10 g/L NaCl) at 37 °C for 20 hours.

3.3.1.3.3 Flex target plate preparation

Approximately 50 pug of spores and young myceliumeath microorganism were
transferred directly from the culture plate to #8&well MALDI-TOF plate. Immediately,
0.5 pL of matrix solution (75 mg/mL 2,5-dihydroxyimoic acid in
ethanol/water/acetonitrile [1:1:1] with 0.03% tndiroacetic acid) were added to fungi and
mixed gently. To the calibrafi. coli, the same procedure was used. The sample mixtures
were air dried at room temperature. Each sample syadted in duplicate to test

reproducibility. During the analyses all solutiomsre prepared and stored at 5 °C.

3.3.1.3.4 Data acquisition

The analyses were performed in the Laboratory ofdygy and Molecular Biology
of MUM on an Axima LNR system (Kratos Analyticalhi§adzu, Manchester, UK)
equipped with a nitrogen laser (337 nm), whereléiser intensity was set just above the
threshold for ion productiork. coli DH5a strain with known mass values of ribosomal
proteins was used as external calibration. The maasge from m/z = 2,000 to 20,000 Da
was recorded using the linear mode. The mass speeter was used in the linear mode
with a delay of 104 ns and using an acceleratidtage of +20 kV. Final spectra were
generated by summing 20 laser shots accumulateprpiie and 50 profiles produced per
sample, leading to a total of up to 10,800 lasetsper summed spectrum. The resulting

peak lists were exported to the SARAMIS™ softwasekage (Spectral Archiving and
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Microbial Identification ~ System,  AnagnosTec, Poste@olm, Germany,
www.anagnostec.eu).

In SARAMIS™, peak lists of individual samples wemdmpared with the
SuperSpectra database generating a ranked lisatwhing spectra. SARAMIS™ uses a
point system based on peak list with mass signaigivted according to their specificity.
The weighting is based on empirical data from rptdtisamples of the reference strains.
SuperSpectra are consensus spectra containingeanpat mass signals which are specific
for each species or other taxonomic units. ThespeiSpectra are characteristic for
individual microbial taxa and allow the identificat of specimens as well as cluster
analyses of spectra of multiple samples. The srityldbetween individual spectra is
expressed as the relative or absolute number aflimat mass signals after subjecting the
data to a single link agglomerative clustering atho. Dendrograms of spectral

proximity between isolates were created.
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4.1 Mycobiota and aflatoxigenic profile of almonds andchestnuts

4.1.1 Environmental conditions

Field

For the year 2007, chestnuts’ maturation occurredhfAugust to October, and
harvest took place during November. For almondsturation occurred from June to
September, and they were harvested in the middieptember, in both 2007 and 2008.
As such, these were probably the periods that mmostlenced the final characteristics of
the nuts. Table 4.1 lists the climatic conditionfs Bvaganca for the period August-
November of 2007, as registered by a local agroatic station. Table 4.2 lists the
climatic conditions of Moncorvo locally registeréat the periods June-September of 2007
and 2008, and of Faro for the period June-Septe2®@8. Anomalies to Normal values

are also described.

Table 4.1 Climatic conditions of Bragancga for the month&be and during chestnut harvest for
the 2007 crop, and anomalies relative to Normalesl

Total Rainfall (mm) Mean Temperature (°C) Relative Humidity (%)
Registered Anomaly® Registered  Anomaly® Registered  Anomaly®
Aug 45.0 312.5% 18.0 -2.4 60.8 +8.1
Sept 48.2 147.5% 16.5 -1.2 60.6 +0.3
Oct 38.2 58.2% 11.9 -0.9 73.6 +0.9
Nov 56.2 64.5% 6.8 -1.0 64.9 5.1
Total 187.6 93.8% 13.3 -1.4 65.0 -1.2

dvalues registered by a local agro-climatic station.

® Percentage of registered values relative to Nowales for the period 1951-1980
(INMG, 1991a).

“Difference between registered values and Normahles for the period 1951-1980
(INMG, 1991a).
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Table 4.2 Climatic conditions of Moncorvo and Faro for tn®nths before and during almond
harvest, and anomalies relative to Normal values.

Total Rainfall (mm) Mean Temperature (°C) Relative Humidity (%)
Registered  Anomaly® Registered  Anomaly® Registered  Anomaly®
Moncorvo 2007

June 26.8 73.2% 19.8 -0.6 63.2 -22.3
July 1.8 18.9% 23.1 -0.5 52.7 -28.3
Aug 10.6 101.0% 23.0 +0.1 51.2 -22.3
Sept 0.0 0.0% 22.8 +2.8 47.3 -19.2
Total 39.2 46.0% 22.2 +0.5 53.6 -23.0
Moncorvo 2008
June 1.6 4.4% 22.0 +1.6 56.1 -29.4
July 0.0 0.0% 24.0 +0.4 46.3 -34.7
Aug 4.0 38.1% 24.0 +1.1 49.1 -24.4
Sept 5.8 20.2% 20.3 +0.3 61.9 -4.6
Total 11.4 13.4% 22.6 +0.9 53.4 -23.2
Faro 2008
June 0.01 0.5% 23.3 +2.8 55 -10.0
July 0.01 3.0% 24.6 +1.4 53 -7.0
Aug 0.4 8.3% 24.2 +1.0 56 -3.0
Sept 101.4 709% 21.1 +0.2 69 +4.3
Total 101.8 323% 23.3 +1.3 58.3

@values registered by local agro-climatic stations.

® percentage of registered values relative to Nokmkles for the period 1951-1980 (INMG, 1991a,
1991b).

‘Difference between registered values and Normaales for the period 1951-1980 (INMG, 1991a,
1991b)

Moncorvo and Faro are similar in climate, even tfo&aro is warmer, but Braganca
represents a totally different climatic realitytvimore rain and milder temperatures in late
summer.

In Braganca, for the referred period, the year @72was slightly colder and drier
than usual. Even though total rainfall in Octobesvonly 44% of the Normal values, the
preceding months had been extremely wet and iedagtrongly for a few days in middle
October, which led to the postponing of harvestifi©october to November.

In Moncorvo, 2007 had an extremely dry and hot semnwith September
registering no rain and temperatures almost 3 Ybdni than normal. These conditions
allowed the almond harvest to occur early in SepwmSeptember 2008 was not as dry
and hot as the previous year. Faro was, in gendigitly warmer than usual. September
was extremely wet, with 709% more rainfall than mal, but this rainfall was

concentrated in the last days of the month, afteoad harvest.
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Storage (producer’s warehouse)

The environmental conditions (temperature and ivdathumidity) inside the
producer’s warehouse were registered by two dagels (A and B; placed in different
parts of the warehouse) from the first day of alchdmarvest (13.09.2008) until the
almonds were expedited (20.03.2009). When almotaited to be bagged (24.10.2008),
two other data loggers (C and D) registered theremmental conditions inside the bags.
Table 4.3 shows the mean values of temperaturaur{d)relative humidity (RH) for each
data logger. Figure 4.1 represents the evolutiahage conditions, taken as the average of

the two data loggers.

Table 4.3 Mean Temperature (T) and Relative Humidity (Riepistered at the warehouse
(environment) and inside the bags, relative tonleaths of almond storage.

Environment Bags
T (°C) RH (%) T (°C) RH (%)
A B° Mean A B Mean c® DY Mean C D° Mean
Sep'08 187 179 183 57.2 583 57.8 -
Oct 142 13.7 140 67.0 678 674 106 11HL.1 729 - 72.9

Nov 7.7 7.1 7.4 81.8 835 827 79 85 82 78.7- 78.7
Dec 5.9 52 5.6 839 915 877 60 65 6.3 83,0- 83.0
Jan'09 6.1 5.3 5.7 85.6 90.7 88.2 60 64 6.2 85.6 85.6

Feb 7.8 7.2 7.5 729 755 742 65 74 70 84.9- 84.9
Mar 13.0 123 12,7 555 573 564 123 135 129 67.8 - 67.8

#LoggerA — back of the warehouse, near an open wall
® LoggerB — middle of the warehouse

¢ LoggerC — top of the pile

4 LoggerD — inside the pile

© A problem with the logger occurred, RH was noiged.

100
80 -
Environmental T (°C)
Environmental RH (%)
40 Bags T (°C)
20 Bags RH (%)
\
I
0

Sep'08 Oct'08 Nov'08 Dec'08 Jan'09 Feb'09 Mar'09

Figure 4.1 Mean Temperature (T) and Relative Humidity (RH)tlee warehouse environment
and inside the bags, relative to the months of atinstorage (mean of two data
loggers for each condition except Bags RH).
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4.1.2 Water activity

Storage samples
Water activity (&) of storage samples is presented in Table 4.4.sigreficance of
differences (P-value) between samptefiop of the pile) and (inside the pile) for each

time of collection is also shown.

Table 4.4 Water activity of storage samples throughoutstioeage period (n=3, mean + standard

deviation).
Storage 1 Storage 2 Storage 3
A1° B1° Mean’ P¢ A2? B2° Mean” P° A3? B3 Mean’ P¢
In-shell  0.672 0.589 0.630 0.000 0.717 0.726 0.7211.000 0.416 0.396 0.406 0.661
+0.003 +0.006 *0.046 +0.012 £0.019 +0.015 +0.009 £0.010 +0.014
Shelled 0.696 0.645 0.671 0.092 0.710 0.720 0.7150.491  0.452 0.399 0.426 0.300
+0.012 #0.007 +0.029 +0.005 *0.003 +0.006 +0.020 +0.014 +0.033

#mean * standard deviation, n=3.
® mean + standard deviation, n=6.
¢ difference significance, as determinedTiamhane’s T2est for P < 0.05.

SamplesA andB were collected from different bags, to test ifrthevere significant
differences between nuts stored inside the pilenathe top of the pile of bags. In terms of
aw, no significant differences were detected betwsamplesA and B throughout the
storage period, except for in-shell almonds onfits time-point of collection. For this
reason, we considered it reasonable to treat sampéndB as one sample only in the
following analyses. From this point onwards, wharethe analyses result from the
conjugation of data of samplésandB, samples will be referred to &orage (Al + Bl),
Storage 2A2 + B2) andStorage 3A3 + B3). Figure 4.2 represents the evolutioragfin

storage samples.

0.€
0.7 ‘?‘4‘\

0.€

0.t \

0.4 —4=—2aw / in-shell

8': —#—aw / shelled
L
0.1
0.C T T )
Storage 1 Storage 2 Storage 3
24.10.2008 16.01.2009 20.03.2009

Figure 4.2 Water activity of storage samples (mean of saspplandB) throughout the storage
period.
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BetweenStorage land Storage 2 ay increased, but not significantly, for both in-
shell and shelled almonds (P = 0.537 and P = 01@5pgectively; Table Al.1, Appendix I),
and then significantly decreased betwettorage 2and Storage 3(P < 0.001 in both
cases). This trend correlated directly with ReltMumidity and inversely with Mean

Temperature registered inside the warehouse.

Processor samples

Water activity of processor samples is presentediable 4.5. The significance of
differences (P-value) between samples, as detedipeheTamhane’s T2est, is shown
in Table Al.1 of Appendix I.

Table 4.5 Water activity registered for the processor sasph=3, mean * standard deviation).

Processor samples

C D F
C1l C2 D1 D2 F1 F2 F3
In-shell - - - - 0.428 -
+0.010
Shelled - - - - 0.461
+0.027
Shell - - - - - 0.561
+0.012
Kernel 0.425 0.534 0.521 0.520 - 0.502
+0.006 +0.009 +0.039 +0.002 + 0.004
Seed coat - - - - 0.877
+0.008
Nutmeat - - - - - 0.370
+0.009

Regarding processor samples, sanfflénad lower @ than sample€2, D1 andD2,
but the difference was only significant betwe@h andC2 (P = 0.045). In fact, almonds
from lot C had been harvested in 2007, a year bedoriving to the processor, and that
storage period as well as the extremely dry andcbotlitions in September 2007 may be
the reasons for the extremely low af sampleCL Throughout the storage period in the
processor’s warehouse, samg@lelevelled with the other samples.

SampleF1 had an extremely lowya similar to sample€C1 (P = 1.000). We did not
follow Faro’s warehouse climatic conditions dursigrage, but February and March 2009
were very dry, possibly allowing almonds to get lwkly before being expedited to the

processor. Theyaof Faro’s samples significantly increased fréito F2 (P = 0.030). By

149



Chapter 4 Results

22.05.2009, when sampl€, D2 andF2 were collected, differences between samplgs’ a
had become insignificant (P > 0.753). This evolutio almonds @ towards a common
level could mean that the environmental conditimssde the processor’s warehouse allow
the @y to increase in extremely dry samples, but appbréotlevels that still refrain the
development of fungi.

SamplesF3/nutmeatand F3/seed coahad extremely low and high values af,a
respectively. These values resulted from the pgicgghey were submitted t&2/kernel
was wet to promote the peeling, the seed coat wake@ off and discarded still wet, and

the nutmeat was oven-dried before being packed.

4.1.3 Fungal contamination of almonds and chestnuts

This section describes the results regarding thaitoring of mycobiota in field,
storage and processor samples of almonds and akestim all cases, total fungal
incidence was assessed, but contaminating fungr atlan those belonging to the genera
Aspergillus and Penicillium were analysed only qualitatively. The frequency of
contamination withPenicillium species was determined only at the genus levet Th
isolates ofAspergillusgenus, which were the main interest of the studyre identified to
the section level, for both frequency of infectemmd number of individuals. Diversity was
also assessed for tiespergillussections, through thRichnessndex, which in this case
corresponds to the number of sections identified, the Simpson Diversity IndefSDI),
which reflects how many of those sections haveifsogmt impact on the diversity level of
the samples.

Even though the majority of the isolates was idedito the species level, this
identification was based solely on morphologicall ghysiological characters (except for
sectionFlavi, which will be discussed later), which we consatklimited for an accurate
identification in a number of cases. For this reaswe opted to analyse the results at the
section and not at the species level, in orderitomise identification errors.
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4.1.3.1 Fungal incidence and diversity

4.1.3.1.1 General overview

Samples under study represent different types d$ sampled under different
conditions. As much as we understand that they atabha analysed in bulk, a general
overview of the fungal contamination observed ire ttiifferent samples can be of
significance in order to better understand the mefieed analyses that follow. Figures 4.3
and 4.4 show, respectively, the percentage of imfg¢sted by the different fungi and the
percentage oAspergilluspropagules isolated (by section).

More than eighty percent of the nuts analysed is $hudy were contaminated with
some kind of fungi. The most common fungi were tded as belonging to the genera
Alternaria, Aspergillus Botrytis Cladosporium Fusarium and Penicillium From these,
only AspergillusandPenicilliumincidences were quantified. As to geispergillus only
48% of the nuts were contaminated, from which 1@B8pagules were isolated and
identified. They were grouped into 9 different smuas$: Aspergillus (represented by the
highly xerophylic species belonging to the teleopimiz genusEurotium was the most
disseminated section, with the highest numberalatss (998 isolates), followed Byavi
(352 isolates)Nigri (228 isolates)Wentii (174 isolates) an¥ersicolores(165 isolates).
Four of the nine sections were only rarely isolatgcumdati (27 isolates)Flavipedes
(12 isolates)Fumigati (2 isolates) andNidulantes(1l isolate). The maximum number of
propagules and sections isolated from an individwélwas obtained for in-shell almonds
from Faro, with as much as 24 isolates from 6 cifié sections.
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Sect.Fumigati
Sect.Flavipedes
Sect.Flavi

Aspergillusspp.
Penicilliumspp.
Total infection

0 20 40 60 80 100
% of infection

Figure 4.3 Percentage of nuts infected by the different fung

. SectionWentii
Section 0
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Versicolore
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SectionNigri
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Section

Fumigati
0.1%

Figure 4.4 Percentage dispergilluspropagules isolated, by section.

In both chestnut and almond field samples, in-shets were highly contaminated
with a wide variety of fungi. These mostly includétternaria, Botrytis Cladosporium
and Fusarium with numerous propagules developing in each @bhestnut samples were
also rich in unidentified yeastBenicillium andAspergilluswere also present, but usually
with few propagules per nut. When analysing storagd processor samples, fungal
incidence was at the same level as that of fieldpdes. If we were to analyse incidence
levels on their own, we could conclude that samplese similar in terms of fungal

contamination. Yet, contaminating fungi differed eatly between field and
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storage/processor samples. In fact, the latter wentéaminated almost exclusively by the
generaAspergillusandPenicillium whereas those fungi reported as major contansnant
field samples were extremely rare.

From the total number ofspergillusisolates, 1944 (99.2%) were isolated from
almonds, and only 15 (0.8%) from chestnuts. Eveugh these figures correspond to
different sized samples (total of 270 chestnuts &f@f) almonds) with different
characteristics (field, storage and different pesoeg stages), we can state that chestnuts

have contributed with a very limited number of &ek to the present study.

4.1.3.1.2 Field samples

Three chestnut field samples were taken on the 26&7, one from the tree
(Arv/07), and two from the ground, at two different timeings (Ch1/07 and Ch2/07%.
Almonds were sampled from the tree in two consgeutears, 2007 and 2008r¢/07 and
Arv/08, respectively). In all cases, an equal numbentd was plated with and without the
shell (in-shell and shelled, respectively), witheutface disinfection.

Table 4.6 lists the fungal incidence observed iestfut and almond field samples,
for both in-shell and shelled nuts, by genus and;ase ofAspergillus by section. The
number ofAspergillusisolated from these samples and the diversitycesiRichnessand
Simpson Diversity IndefSDI) (relative to sections) are given in Tablé dand Figure 4.5.

Table 4.6 Percentage of mold-infected nuts for chestnutamibnd field samples.

Chestnut Almond
Arv/07 Ch1/07 Ch2/07 Mean Arv/07 Arv/08 Mean
In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled
# nuts 45 45 45 45 45 45 135 135 45 45 45 45 90 90
Genus
Total 100 71 100 42 100 89 100 67 100 64 100 69 100 67
Penicillium 40 9 38 11 56 13 45 11 73 7 100 18 87 13
Aspergillus 11 9 11 2 - - 7 4 53 - 80 - 67
Section
Aspergillus - 2 7 - - - 2 1 24 38 - 31
Circumdati - - - - - - - - 2 7 - 5
Flavi 7 27 - 17
Flavipedes - - - - - - - - 4 - 4 - 4
Nidulantes - - - - - - - - - - 2 - 1
Nigri 11 7 - 2 - - 4 3 13 - 44 - 29
Versicolores - - - - - - - - 18 - 7 - 13
Wentii - - 4 - - - 1 - 7 - 20 - 14
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Table 4.7 Number ofAspergillusisolates and diversity indices in chestnut andoalinfield

samples.
Chestnut Almond
Arv/07 Ch1/07 Ch2/07 Total Arv/07 Arv/08 Total
In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled
# nuts 45 45 45 45 45 45 135 135 45 45 45 45 20 90
Section
Aspergillus - 1 3 - - - 3 1 19 21 40
Circumdati - - - - - - - 1 3 - 4 -
Flavi - - - - - 3 14 17
Flavipedes - - - - - - 2 2 - 4 -
Nidulantes - - - - - - - - 1 - 1 -
Nigri 5 3 - 1 - 5 4 11 - 25 - 36
Versicolores - - - - - - 8 - 3 - 11
Wentii - - 2 - - 2 3 - 9 - 12
Total 5 4 5 1 - - 10 5 47 - 78 - 125
Mean/nut 0.11 0.09 0.11 0.02 - - 0.07 0.04 1.04 - 1.73 - 1.39 -
Diversity Indices
Richnesd 1 2 2 1 - - 3 2 7 - 8 - 8 -
SDP 1 1.6 1.92 1 - - 2.63 1.47 3.88 - 4.45 - 4.49

& Corresponds to number of sections
® Simpson Diversity Index relative to sectio®D{ = 1/5(Pi/Pn), wherePi is the number of individuals of a
given section anénis the total number of individuals).

m In-shell Richness
m [n-shell SDI
m In-shell Aspergillus/nut
m Shelled Richness
m Shelled SDI
Shelled Aspergillus/nut

O R, N WM OO N 0 ©

Chestnut/Arvl Chestnut/Chl Chestnut/Ch2 Almond/Arv07 m@éhd/Arv08

Figure 4.5 Diversity indices Richnessand SDI) and average number éspergillusper nut, for
in-shell and shelled nuts of field samples.

Chestnut samples

In chestnut samples, a high level of overall comiaton was observed, especially
for in-shell nuts, which showed 100% contaminati@lternaria, Botrytis Cladosporium
Fusarium and unidentified yeasts were the most commonlyndodungi (data not
guantified). Penicillium and Aspergillus were present at lower levels, the first being

generally more frequent than the latter (Table .4l®)fact, genusAspergilluswas very
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weakly represented in chestnuts, in terms of fraqueof contamination as well as in
number and variety of fungi (Tables 4.6 and 4.guFe 4.5). Chestnuts contamination with
Aspergillusincluded only 3 sectiondigri (60% of the isolateshspergillus(26.6%) and
Wentii (13.3%). Chestnuts showed a mean numbehsgfergillusper nut (taken as the
average of the three samples) of 0.07 and 0.04ntshell and shell nuts, respectively.
Richnessand SDI, which varied from 0 to 2, reflect the extremeabyldiversity of these
samples relative to genédspergillus

Chestnut sample&rv1/07, Ch1/07and Ch2/07were pairwise compared in order to
determine the influence of the time and method béstnut collection on fungal
contamination. In general, chestnuts that had beethe ground for up to 3 weeks (sample
Ch2/07 showed higher levels of contamination with ovei@hgi andPenicilliumthan the
other samples, but were less contaminated Astbergillusspp.

In-shell nuts were 100% contaminated, regardleseeofample. Contamination with
Penicillium spp. was higher, but not significantly, in sam@ga2/07 than in samples
Arv1/07 andCh1/07 (P = 0.205 and P = 0.139, respectively; Table JAIAS opposed to
that, Aspergillus spp. were less frequent in sampl#2/07 (0% incidence). In this
particular casePenicillium and Aspergillusincidences seem to have an opposite trend of
evolution. ConsideringAspergillus sections, contamination was very low, and no
significant differences were registered betweenpdasn

In shelled nuts, sampleh1/07showed significantly less overall contaminatioarth
samplesArv1/07 and Ch2/07 (P < 0.001), but no other significant differencaesre
registered (P > 0.117). When comparing in-shellhwahelled nuts, shelled nuts had
significantly less contamination with general fuagid Penicillium than in-shell nuts, for
all samples (P <0.026, Table Al.3). On the othand) contamination witispergillus

was not significantly different between in-sheltlashelled nuts (P > 0.361).

Almond samples

The fungal genera predominantly found in almongidtdfsamples were generally the
same as those found in chestnuts, namgliernaria, Botrytis Cladosporium and
Fusarium But in almonds the geneRenicillium and Aspergilluswere also important
contaminants (Tables 4.6 and 4.7; Figure 4.5).0k#\§pergillusgenus, the most common

sections found in almonds wepkspergillus (32% of the isolates\Nigri (28.8%), Flavi
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(13.6%), Wentii (9.6%) andVersicolores(8.8%). Sectionircumdati Flavipedesand
Nidulanteswere rarely found.

All in-shell nuts showed contamination with overfaihgi. Contamination levels with
Penicillium and Aspergilluswere of 87% and 67%, respectively, with almondeiritaa
mean of 1.3Aspergillusper nut. Maximum values &ichnessand SDI were 8 and 4.49,
respectively. Contrary to the high in-shell contaation levels, shelled nuts showed
significantly lower levels of contamination with enall fungi and Penicillium spp.
(P < 0.001), with rare colonies developing on itdecfruits. None of the shelled nuts was
found to be contaminated witkspergillus

By comparing in-shell samples from 2007 and 200&sr no differences were
detected in total contamination (100% contaminatioboth samples), birenicilliumand
Aspergilluswere significantly more frequent in 2008 than 002 samples (P < 0.001 and
P = 0.013, respectively; Table Al.4). When congitgAspergillussections, 2008 nuts had
higher contamination levels for all sections excépt sectionVersicolores but only
sectionsFlavi and Nigri showed significant differences between years (B.G11 and

P =0.002, respectively).

4.1.3.1.3 Storage samples

Storage samples were taken from the warehouseeddithond producer, at 3 time-
points along the storage period: one month of g@torage 124.10.2008), four months
(Storage 216.01.2009) and six monthStporage 320.03.2009). Table 4.8 lists the fungal
incidence observed in storage samples, for bo#helt and shelled nuts, by genus and, in
the case oAspergillus by section. The number éispergillusisolated from these samples

and the diversity indiceRichnesandSDI are given in Table 4.9.
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Table 4.8 Frequency (%) of mold-infected nuts in almondage samples.

Storage 1 Storage 2 Storage 3
Al Bl A2 B2 A3 B3
In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled
# nuts 10 10 10 10 10 10 10 10 10 10 10 10
Genus
Total 100 50 100 60 100 50 100 20 100 40 100 50
Penicillium 100 20 100 30 100 40 100 20 100 20 100 30
Aspergillus 100 30 100 30 100 40 100 10 100 30 100 40
Section
Aspergillus 100 10 100 10 100 30 100 10 100 20 100 40
Circumdati - - 20 - 10 - 20 - - - - -
Flavi 20 - 10 - 20 10 70 - 30 - 10 -
Flavipedes 10 - 10 - - - 10 - - - - -
Fumigati - 10 - - - - - - - - - -
Nigri - - - - 40 - 30 - - - 10 -
Versicolores 90 10 90 - 90 - 60 - 70 10 30
Wentii 50 - 60 20 70 - 80 - 70 - 60

Table 4.9 Number ofAspergillusisolates and diversity indices in almond storaapes.

Storage 1 Storage 2 Storage 3
Al B1 A2 B2 A3 B3
In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled In-shell Shelled
# nuts 10 10 10 10 10 10 10 10 10 10 10 10
Section
Aspergillus 17 1 20 1 26 3 29 1 23 3 37 5
Circumdati - 2 - 1 - 3 - - - - -
Flavi 2 - 1 - 2 1 9 - 4 -
Flavipedes 1 - 1 - - 1 - - -
Fumigati - 1 - - - - - - - - -
Nigri - - - - 4 - 6 - - - 1
Versicolores 24 2 22 - 19 - 11 - 9 1 3
Wentii 8 - 9 2 13 - 13 - 9 - 6
Total 52 4 55 3 65 4 72 1 45 4 48 5
Mean/Nut 5.2 0.4 5.5 0.3 6.5 0.4 7.2 0.1 4.5 0.4 4.8 0.5
Diversity Index
Richnes% 5 3 6 2 6 2 7 1 4 2 5 1
SDIb 2.9 2.7 3.1 1.8 3.44 1.6 4.12 1 2.86 1.6 1.63 1

4 Corresponds to number of Sections
® Simpson Diversity Index

Samples A and B were collected from different baggest if there were significant
differences between nuts stored inside the pilerorthe top of the pile of bags. No
significant differences in fungal incidence werdedted between samples A and B along
the storage period for any of the taxa consideRed (0.070 for all cases; Table Al.6). For
this reason, we considered it reasonable to teapkes A and B as one sample only in

further analysis.
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In the next Figures of this section, data refehtomean incidences of samphkeand
B for each storage sampling time-point. Since sragmples relate to each other
chronologically, results of fungal incidences amgedsity are represented as trend lines.

Figure 4.6 shows the frequencies of in-shell alnsocmhtamination with the various
taxa identified throughout the storage period.deaoces of total fungi andenicillium spp.
showed to be homogeneous between samples (100% saraples). Infection with
Sections Flavi and Nigri increased throughout the first stage of storageld to
Storagel), and decreased again in the following period, dmity sectionNigri varied
significantly (P < 0.001 and P = 0.008, respecyivélable Al.7). In January, a new period
of climatic changes occurred. From January to Magecivironmental conditions began to
invert relative to the last three months: tempeehegan to rise and RH decreased. Under
these conditions, samples got substantially diiibe trend at this stage was for general
reduction ofAspergillusincidence, but only sectioNigri suffered a significant reduction
(P = 0.044). Aspergillus diversity in in-shell almonds followed the trend ay and
environmental RH: during periods of higher RkkpergillusRichnessand SDI increased,

and vice-versa (Figure 4.8).

100 & 9 2 o= Total infection

= 9074 —@— Penicilliumspp.
= 80 / —a— Aspergillusspp.
-% 70 7 Sect.Aspergillus 3
ug 60 / —¥— Sect.Circumdati i
;.g 50 7 —8— Sect.Flavi
3 40 — A Sect.Flavipedes
c / \ .
@ 30 — / Sect.Nidulantes
T 200/ — ~— \ Sect.Nigri
= A .
L 10 I— ——— \— Sect.Versicolores 2s
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Field Storage 1 Storage 2 Storage 3

Figure 4.6 Evolution of in-shell almonds infection for tharious taxa under study, from the field
until the end of storage. Frequency of infectiomreésponds to the number of nuts
infected by fungi from a given taxon.

Shelled almonds generally followed a different trdrom in-shell nuts in terms of
fungal infection (Figure 4.7). Total infection deased fromField to Storage 2 but

infection with Penicillium increased over that periodspergillus spp. significantly
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increased during the first period of storage (PGO0D), but then slightly decreased from
Storage 1to Storage 2No significant differences were observed for esettion alone in
the overall period of storage, probably due to éktremely low levels of incidence, but
they generally slightly increased froRield to Storage 1 decreased fronstorage 1to
Storage 2and increased again fro8torage 2to Storage 3 The only exception to this
trend was sectiorfFlavi, whose incidence was higher Btorage 2than in the other
samples. In fact, this was the only storage samplere sectior-lavi was detected as a
kernel contaminant. Shelled nutRichnessand SDI slightly decreased during storage
(Figure 4.8). h spite of the analyses that have just been danghielled nuts, we have to
consider that the extremely low level ABpergillusisolated from shelled almonds (21

from a total of 150 almonds analysed) restrictscibraclusions that can be drawn.
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Figure 4.7 Evolution of shelled almonds infection for theieas taxa under study, from the field
until the end of storage. Frequency of infectiolates to the number of nuts infected
by fungi from a given taxon.
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Figure 4.8 Diversity indices Richnessand SDI) and average number éispergillusper nut for
in-shell and shelled almonds from the field urit# £nd of storage.
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4.1.3.1.4 Processor samples

Frequencies of fungal infection of processor sam@es shown in Table 4.10.

Number ofAspergillusand diversity indices are presented in Table arid Figure 4.9.

Table 4.10 Frequency (%) of mold-infected nuts of almondogssor samples.

A C D F
Sample A B Cl C2 D1 D2 F1 F2 F3

In-shell Shelled Kernel Kernel Kernel Kernel Kernel In-shell Shelled Shell Kernel Nutmeat Seed coat
# nuts 10 10 10 20 20 20 20 10 10 10 20 20 20
Genus
Total 100 100 100 100 100 100 100 100 100 100 100 00 1 100
Penicillium 100 100 100 100 100 100 100 100 100 100 100 100 100
Aspergillus 100 100 100 100 100 100 100 100 100 100 100 90 100
Section
Aspergillus 100 100 100 100 100 100 100 100 100 100 100 90 100
Circumdati 30 - 10 - - - - 15 - 30 25 - -
Flavi 50 30 40 70 50 85 85 100 40 100 95 - 15
Flavipedes - - - 5 - - - 30 - - 5 - -
Fumigati - 10 - - - - - - - - - - -
Nigri 30 10 - 65 65 90 100 100 10 100 85 5 5
Versicolores 20 20 100 30 - 25 20 40 10 70 55 5 15
Wentii 80 20 30 45 10 80 15 90 10 80 40 - 5

Table 4.11 Number ofAspergillusisolates and diversity indices in almond processonples.

Sample A B C1l C2 D1 D2 F1 F2 F3

In-shell Shelled Kernel Kernel Kernel Kernel Kernel In-shell Shelled Shell Kernel Nutmeat Seed coat
# nuts 10 10 10 20 20 20 20 10 10 10 20 20 20
Section
Aspergillus 50 10 50 100 100 100 100 53 13 50 100 20 32
Circumdati 3 - 1 - - - - 5 - 3 5 - -
Flavi 19 6 7 17 15 36 50 63 4 45 50 - 3
Flavipedes - - - 1 - - - 3 - - 1 - -
Fumigati - 1 - - - - - - - - - -
Nigri 4 1 - 15 19 27 35 17 1 25 26 1 1
Versicolores 4 2 13 6 - 5 4 4 1 8 12 1 3
Wentii 12 2 3 10 2 25 3 18 1 14 9 - 1
Total 92 22 74 149 136 193 192 163 20 145 203 22 40
Mean 9.2 2.2 7.4 7.5 6.8 9.7 9.6 16.3 2.0 14.5 10.2 1.1 2.0
Diversity Index
Richness 6 6 5 6 4 5 5 7 4 6 7 3 5
SDF 2.6 3.3 2.0 2.1 1.7 2.9 2.7 3.6 2.0 3.7 15 1.2 51

& Corresponds to number of Sections
® Simpson Diversity Index
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Figure 4.9 Diversity indices Richnessand SDI) and average number éipergillusper nut for
processor samples.

Samples A and B

SamplesA andB originated from the same lot of almonds, from20807 crop. These
almonds were stored at the farmer’s warehouse fopbths before being delivered to the
processor and shelled. Samples were collected tsinadusly: samplé was still in-shell,
whereas sampl8 had been shelled by the processor the day be&orgle collection.
These samples were taken with the aim of determinire effect of shelling at the
processor on the fungal infection of kernels. SasflandB were strongly contaminated
with both generaPenicillium and Aspergillus whereas fungi from other genera were
almost absent (data not quantified). In-shell nofs sample A were also highly
contaminated with sectiowentii but those fungi significantly decreased afterllsige
(P =0.023; Table Al.8). Besides sectidspergillus sectionFlavi was the most significant
section contaminating shelled nuts of sanfl& his section decreased after shelling, but
not in a significant way (P = 0.370).

Fungal incidence of sampk kernels was, in general, similar to sampléor both
in-shell and shelled nuts), differing from sampleonly for sectionVersicolores which
was significantly higher (P = 0.001 for both in-Blaad shelled nuts).

Samples C and D
SamplesC and D were collected simultaneously from different lats almonds.

SamplesC originated from a lot of almonds cropped in 20@Whereas sample®
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originated from almonds cropped in 2008. Kbtvas stored at the producer for one year
and delivered to the processor in October 2008.0D.atas stored at the producer for 4
months and delivered to the processor in Januad9.Zbhey had both been shelled by the
processor a few months before the first samplecttin.

The generaPenicillium and Aspergillus were present in all almondsection
Aspergilluswas the most representative of the genus, butossdtlavi and Nigri were
also key contaminant§ampled were generally more contaminated than sam@|dsut
differences were only significant for sectioRkvi, Nigri and Wentii (Tables 4.12 and
Al.9). Throughout the 2 months that separated the 2 tim#gpof sample collection -
20.03.2009 (sampleS1 + D1) and 22.05.2009 (sampl€? + D2) -, sectionWentii was

the only one that significantly decreased

Table 4.12 Differences in mold-incidence between samg@esdD.

Genus Section

Total Penicillium Aspergillus AspergillusFlavi Nigri Versicolores Wentii
ClvsD1 ns. n.s. n.s. n.s. n.s. n.s. n.s. -
C2vs D2 n.s. n.s. n.s. n.s. - - n.s. n.s.
CvsD n.s. n.s. n.s. n.s. - -- n.s. n.s.
ClvsC2 n.s. n.s. n.s. n.s. n.s. n.s. + +
D1vs D2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. ++
1vs2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. ++

n.s., differences not significant at the P = 0éfel (as determined by two-tailed Fisher's exact

test)

+, the fungus was significantly more frequent oa filst than on the latter, 0.001 < P < 0.05
++, P <0.001

-, the fungus was significantly less frequent amfilst than on the latter, 0.001 < P < 0.05
--, P <0.001

Samples F

SamplesF were collected from a lot of almonds originatednir Faro. They were
harvested in September 2008 and stored at the geoduntil March 2009. LoF had just
arrived to the processor at the time of sanidleollection, and was stored in the silo until
processing. Sampld=2 (kernel and shell) were collected on the firsgetaf processing,
as nuts were being shelled, after 2 months of geona the silo. Samplds3 (nutmeat and

seed coat) were collected 4 days later, when shé&kenels were further processed to
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bleached (pealed) nutmeat. At this processingestegrnels were soaked in hot water, the
seed coat was removed and discarded, and the rnutras@ven-dried.

All samplesF were highly contaminated witRenicillium spp. andAspergillusspp.,
as well as with Aspergillus section Aspergillus even those samples that suffered
processing. Contamination with fungi from other g@nwas found only rarely. In-shé&ll
nuts were also strongly contaminated with sectielasi, Nigri andVersicolores but that
contamination was reduced in a significant wayHtavi andNigri when nuts were plated
shelled F1 shelled, meaning that only a small part of the contamngatfungi were
infecting the kernel. But in the case where almowese shelled by the processor, the
resulting kernelf2 kerne) was nearly as contaminated as in-shell almoRdsr(-shel).

By comparing the evolution of kernel contaminatadong the stages of processing
(Figure 4.10), it is evident the increase of funigaidence after shelling at the processor
(F1 in-shellvs. F2 shelled, which reflects that, during the shelling procelsgi are
transferred from the shell (and probably the emment) to the kernel. At this stage, the
increase of sectionBlavi and Nigri incidence was highly significant (Tables 4.13 and
Al.10). For nuts that were further processed, bikeached, contamination was almost
exclusively reduced td’enicillium spp. andAspergillus section Aspergillus since the
contamination with other sections éfspergilluswas significantly reduced to a small
proportion of the F3 nutmeats.

Sect.Flavipedes
00 1Lz s - \ Sect.Nigri
/ \ Sect.Versicolores s
04 AN Sect.Wentii
F1 Shelled F2 Kernel F3 Nutmeat

10C m= i —e— Total infection
5 L T —m— Penicilliumspp.
B 80 — —a— Aspergillusspp.
S / \ —= Sect.Aspergillus
B — 60 == Sect.Circumdati
§§. 20 / \ —e— Sect.Flavi
m N
>
o
e
L

Figure 4.10Frequency (%) of mold-infected kernels on proocessamplesF before and after
shelling.
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Table 4.13 Differences in fungal contamination between sasip!

Genus Section

Total Penicillium Aspergillus AspergillusCircumdati Flavi FlavipedesNigri  VersicoloresWentii
In-shell F1 vs shelled FI.S. n.s. n.s. n.s. n.s. + n.s. ++ n.s. ++
In-shell F1 vs shell F2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
In-shell F1 vs kernel F2n.S. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. +
Shelled F1 vs kernel F2n.s. n.s. n.s. n.s. n.s. -- n.s. - - - n.s.
Kernel F2 vs shell F2 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. -
Kernel F2 vs nutmeat F8.S. n.s. n.s. n.s. + ++ Nn.S. ++ ++ +

n.s., differences not significant at the P = 0l (as determined by two-tailed Fisher's exasf)te
+, the fungus was significantly more frequent oa filst than on the latter, 0.001 < P < 0.05

++, P <0.001

-, the fungus was significantly less frequent amfilst than on the latter, 0.001 < P < 0.05
--,P<0.001

4.1.3.1.5 Differences between in-shell and shelled nuts

Incidence of fungi was compared between in-shdll simelled nuts to determine if
fungal inoculum was superficial or internal. Ta#llé4 lists the differences found between
in-shell and shelled nuts contamination. More dietladlata can be found in Table Al.3.

In chestnuts, in-shell nuts had significantly moomtamination with total fungi and
Penicilliumspp. than shelled nuts, independently of chestmeitsy collected from the tree
of from the ground, or even from being on the gmbuor 3 weeks, meaning that
contamination was mostly superficial. Contaminatiath Aspergillusspp. was very low
or absent in both in-shell and shelled fruits, gtedences were not significant for any of

the sections.
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Table 4.14 Differences in frequency of fungi between in-$laeld shelled nuts.

Genus Section
Sample Total Penicillium Aspergillus AspergillusCircumdati Flavi  FlavipededNigri  Versicolores Wentii

Chestnut, field

Arv/07 ++ + n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Ch1/07 ++ + n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Ch2/07 + ++ n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
All ++ ++ n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Almond, field

Arv/07 ++ ++ ++ ++ n.s. n.s. n.s. + + n.s.
Arv/08 ++ ++ ++ ++ n.s. ++ n.s. ++ n.s. +
All ++ ++ ++ ++ n.s. ++ n.s. ++ ++ ++

Almond, storage

Storage 1 ++ ++ ++ ++ n.s. n.s. n.s. n.s. ++ +
Storage 2 ++ ++ ++ ++ n.s. + n.s. + ++ ++
Storage 3 ++ ++ ++ ++ n.s. n.s. n.s. n.s. + ++
All ++ ++ ++ ++ + ++ + ++ ++ ++

Almond, processor

A n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. +
F n.s. n.s. n.s. n.s. n.s. + n.s. ++ n.s. ++
All n.s. n.s. n.s. n.s. + + n.s. ++ n.s. ++

n.s., differences not significant at the P = 0l (as determined by two-tailed Fisher's exasf)te
+, the fungus was significantly more frequent oshiell than on shelled nuts, 0.001 < P < 0.05
++, P <0.001

-, the fungus was significantly less frequent osliell than on shelled nuts, 0.001 < P < 0.05

--, P <0.001

In almonds, we considered only data of samplesct@t in-shell, i.e, all field and
storage samples, and processor sam@lesand F. We found significantly more
contamination with total fungPRenicillium spp.,Aspergillusspp. and sectioAspergillus
on in-shell nuts (P <0.001) in all field and sgeasamples, but the differences were
eliminated in processor samples, where shellingfthigs had no significant effect on
removing these fungi. We can perceive a tendencthitbaforementioned taxa to transpose
the shell barrier and progressively infect the tfras storage time goes by. For the
remaining Aspergillus sections analysed, shelling generally resultedairsignificant

reduction of inocula for sectiofdavi, Nigri, VersicoloresandWentil
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4.1.3.1.6 Differences between nuts

To compare fungal contamination of almonds and tols, we analysed only data
from tree samples from 2007 crop, because these tier only samples with common
characteristics.

While total contamination of in-shell chestnuts aatinonds reached 100%,
contamination levels witRenicillium andAspergilluswere always higher in almonds than
in chestnuts, with significant differences obserf@dgeneraPenicillium (P = 0.001; Table
AlLL5) and Aspergillus (P <0.001), and for section&spergillus (P <0.001) and
Versicolores(P = 0.006). Almonds showed a mean of 1A®pergillus per nut, while
chestnuts had a mean contamination level of 0.0hye From the 5&spergillusisolated
in 2007 from in-shell field samples, 84% originatedm almonds, while only 9 (16%)
originated from chestnuts. If we consider all samsplthe difference is even more acute,
with 92.6% of the 135 isolates resulting from alm®n

For shelled nuts, there were no significant diffees between chestnuts and
almonds (P >0.117). In both nuts, fungal contatoma with Penicillium spp. and
Aspergillus spp. was extremely low or null. In fact, when ddesng field samples,
shelled chestnuts showed higher contamination Astbergillusspp. than shelled almonds.

4.1.3.1.7 Differences among almond origin

Almonds analysed in the present study had 2 difteoeigins: Moncorvo and Faro.
In order to analyse differences in fungal incidebeéwveen Faro and Moncorvo almonds,
we only compared samp&&torage Irom Moncorvo with sampl&l from Faro, since they
corresponded to almonds collected in September,20@8both samples were collected at
the same time-point (20.03.2009), after approxifga@anonths of storage at the producer.

Figures 4.11 and 4.12 make a comparative analyfsisimgal incidence of both

samples for in-shell and shelled nuts, respectively
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Figure 4.11 Frequency (%) of mold-infected in-shell almondsNoncorvo and Faro samples.
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Figure 4.12 Frequency (%) of mold-infected shelled almonddMoncorvo and Faro samples.

Samples from Faro were generally more contamintited those from Moncorvo. While
in-shell almonds from both origins showed no defeces in total fungiPenicillium spp.,
Aspergillusspp. and sectioAspergillusincidences, Faro samples were significantly more
contaminated with section€ircumdatj Flavi, Flavipedesand Nigri (Tables 4.15 and
Al.11). On the other hand, internal contaminatishef{led almonds) was significantly
higher in Faro’s samples, since the majority of thegi of Moncorvo’s almonds was

eliminated by removing the shell.
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Table 4.15 Differences in frequency of fungi of almonds tefa to origin.

Genus Section
Faro vs Moncorvo  TotalPenicillium Aspergillus  AspergillusCircumdatiFlavi FlavipedesNigri VersicoloresWentii

In-shell n.s. n.s. n.s. n.s. + ++ o+ ++ n.s. n.s.
Shelled + ++ ++ ++ n.s. + n.s. n.s. n.s. n.s.
All + ++ + + + ++ + ++ n.s. n.s.

n.s., differences not significant at the P = 0é&el (as determined by two-tailed Fisher's exasf) te
+, the fungus was significantly more frequent onoRhan on Moncorvo nuts, 0.001 < P < 0.05
++, P <0.001

-, the fungus was significantly less frequent oroRhan on Moncorvo nuts, 0.001 < P < 0.05

-, P <0.001

4.1.3.1.8 Differences between field, storage and processmpéas

In order to study the evolution of fungal contantia from production until
processing, we compared samples with the same tmagokdy For this matter, only samples
from Moncorvo and from crop 2008 were usédav(08 Storage 1 Storage 2 Storage 3
andD1). Because samplel had already been shelled by the processor, we a@dhat
sample with both in-shell and shelled nuts fronidfiénd storage. By comparing processed
almonds (almonds shelled by the processor) witlshelt field and storage samples
(Figure 4.13), we can determine the evolution oFimmental contamination, but
comparing processed almonds with shelled fieldstothge samples (Figure 4.14), allows
us to determine how many of those propagules realhtact with the edible part of the
fruit on each stage of production. The significanoéfungal differences are presented in
Table Al.12.

As can be concluded by the analysis of Figures dritB4.14, fungal contamination
of almonds was mainly superficial, since kerneldyosuffered a big increase in
contamination after being shelled at the procegsampleD1). On both in-shell and
shelled nuts, contamination generally tended taese significantly from field to

processing, but that effect on shelled nuts is atmestricted to the final stage of shelling.
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Figure 4.13 Evolution of fungal incidence from field to praseng (in-shell Field and Storage

samples).
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Figure 4.14 Evolution of fungal incidence from field to pr@&seng (shelled Field and Storage
samples).

4.1.3.1.9 Associations among fungi

Associations among fungi were tested pairwise bhyparing observed values (the
number of nuts infected by both fungi) with expectealues (the product of the
frequencies of each fungus alone) using Phi cdroelas measure of nominal association.

Because samples were so heterogeneous in theiacté@astics, which reflected
strongly in fungal incidence, we opted to analyseghl associations by dividing samples
in two groups: i) “unprocessed” samples, which udeld those samples without any
processing iQi-shell samples) but also those that, after being prodessaintained high

levels of contamination kérnel and shell samples); ii) “processed” samples, which
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included those resulting from shelling at the labefledsamples) and samples for which
processing greatly altered contamination levaltiheatand seed coatsamples). This
division was necessary because, if samples wergsaaain bulk, levels of association
between fungi would be biased by the fact that atmall “unprocessed” nuts were
contaminated by a given group of fungi and almoshen of the “processed” were
contaminated with that same fungi. This would resullevels of association higher than
those obtained if samples were analysed in groubsmore homogeneous characteristics.
Tables 4.16 and 4.17 list the association betweegif(Phi coefficienf, and the
corresponding significance (P-value), for “procesand “unprocessed” samples. In the
crosstabulations where at least one of the fungtacninated 100% of the nuts, measures
of association were not computed. On the other hasgbciations between fungi with low
or null incidence, namely those involving chestsaimples and sectionSircumdati
Flavipedes Fumigati andNidulantesof almond samples, all resulted in extremely Bl
values and generally high P-values, meaning thatssociation could be established
between those fungi. For that reason, those resm#snot shown. Also, association
between a pair of intertwined variables is notdjalie., association cannot be established if
one of the variables (e.gPenicillium spp. or Aspergillus spp. contamination) is a
component of the other variable (Total contamimgtioConsequently, associations

between the referred taxa were not determined.
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Table 4.16 Association between fungi in chestnuts and almomal “unprocessed” samples-(
shell kerne), as determined byQui-square test and Phi coefficient based on
differences between observed and predicted cotinfefrequencies.

Fungi Observed Predicted Phi P

Almonds
Penicilliumspp. &Aspergillusspp. 253 250.1 0.170 0.004
Penicilliumspp. & SecAspergillus 225 218.4 0.289  0.000
Penicilliumspp. & SecFlavi 139 133.7 0.191 0.001
Penicilliumspp. & SecNigri 137 132.8 0.153  0.009
Penicilliumspp. & SecVersicolores 100 99.1 0.034 0.560
Penicilliumspp. & SecWentii 117 112.6 0.163  0.005
Sec.Flavi & Sec.Aspergillus 130 108.8 0.355 0.000
Sec.Flavi & Sec.Nigri 97 66.1 0.426  0.000
Sec.Flavi & Sec.Versicolores 56 49.4  0.096 0.103
Sec.Flavi & Sec.Wentii 75 56.1 0.266  0.000
Sec.Nigri & Sec.Aspergillus 122 108 0.234  0.000
Sec.Nigri & Sec.Versicolores 44 49.0 -0.072 0.218
Sec.Nigri & Sec.Wentii 62 55.7 0.089 0.130
Sec.Versicolores& Sec.Aspergillus 95 80.6 0.251  0.000
Sec.Versicolores& Sec.Wentii 54 416 0.183 0.002
Sec.Wentii& Sec.Aspergillus 110 91.6 0.314 0.000

Table 4.17 Association between fungi in chestnuts and almood “processed” samples (all
samples excepin-shell and kerne), as determined byQui-square testand Phi
coefficient based on differences between observed and peddicb-infection
frequencies.

Fungi Observed Predicted Phi P

Almonds
Penicilliumspp. &Aspergillusspp. 69 31.8 0.746 0.000
Penicilliumspp. & SecAspergillus 64 29.3 0.710 0.000
Penicilliumspp. & SecFlavi 12 5.0 0.290 0.000
Penicilliumspp. & SecNigri 4 1.7 0.164 0.017
Penicilliumspp. & SecVersicolores 12 5.0 0.201 0.004
Penicilliumspp. & SecWentii 6 2.5 0.202 0.003
Sec.Flavi & Sec.Aspergillus 11 4.0 0.304 0.000
Sec.Flavi & Sec.Nigri 1 0.2 0.116 0.093
Sec.Flavi & Sec.Versicolores 3 0.5 0.252 0.000
Sec.Flavi & Sec.Wentii 2 0.3 0.204 0.003
Sec.Nigri & Sec.Aspergillus 4 1.3 0.197 0.004
Sec.Nigri & Sec.Versicolores 0 0.2 -0.029 0.669
Sec.Nigri & Sec.Wentii 0 0.1 -0.024 0.729
Sec.Versicolorest Sec.Aspergillus 7 3.0 0.200 0.004
Sec.Versicolores& Sec.Wentii 1 0.3 0.105 0.129
Sec.Wentii& Sec.Aspergillus 4 2.0 0.121 0.079
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4.1.3.2 Aflatoxigenic fungi

Even though five species outside secfidavi have been identified as AF producers
(AF"), only fungi belonging ta\spergillussectionFlavi have been previously implicated
in the production of AFs in food and food commaghti Therefore only isolates of section
Flavi were considered for this Section. The idécation of these isolates was based on
various phenotypic characters, involving morphatagand physiological features, as well
as the extrolite profile. For the purpose of thiglgsis, isolates were grouped in 3
morphotypes -Aspergillusflavus A. parasiticusand A. tamarii — depending on their
morphological resemblance with these 3 species,ciagacterised by their AF pattern.

Results on isolate identification to the speciegllavill be discussed in Section 4.3.

Three-hundred and fifty two isolates were identifess belonging to sectidAlavi:
128 (36.4%) were grouped in the flavus morphotype, 195 (55.4%) & parasiticus
morphotype and 29 (8.2%) &s tamarii morphotype. Table 4.18 shows a detailed list of
the number oFlavi isolates by sample.

The highest number of isolates originated from essor samples (315 isolates,
89.5%), which also had the highest average numbEla@i per nut (Figure 4.15A). Only
17 (4.8%) and 20 (5.7%) isolates originated froeidfiand storage samples, respectively.
Field, storage and processor samples were monegsgroontaminated witl\. parasiticus
than withA. flavus andA. tamariiwas only rarely isolated (Figure 4.15B).flavusandA.
tamarii were isolated more often in processor samples.s&hsamples differed
significantly from field and storage samples fdrrabrphotypes (P < 0.001; Table Al.13),

whereas that difference was not significant betwiesd and storage samples (P > 0.060).
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Table 4.18 Number ofAspergillussectionFlavi isolates, grouped by morphotype, isolated from
the various samples, percentage of each morphatyia¢ive to totalFlavi, and
average number dflavi per nut.

Morphotypes Total
A. flavus A. parasiticus A. tamarii
Sample # % Flavi # % Flavi # % Flavi # Flavi/nut
Field
Arv/07 in-shell 1 33.3 2 66.7 0 3 0.07
shelled 0 0 0 0
Arv/08 in-shell 2 14.3 11 78.6 1 7.1 14 0.31
shelled 0 0 0 0
Storage
Storage 1 in-shell 0 0.0 3 100.0 0 3 0.15
shelled 0 0 0 0
Storage 2 in-shell 3 27.3 8 72.7 0 11 0.20
shelled 0 0.0 1 100.0 0 1 0.10
Storage 3 in-shell 1 20.0 4 80.0 0 5 0.25
shelled 0 0 0 0
Processor
A in-shell 8 42.1 11 57.9 0 19 0.95
shelled 2 33.3 3 50.0 1 16.7 6 0.30
B kernel 5 714 2 28.6 0 7 0.70
C1 kernel 7 41.2 9 52.9 1 5.9 17 0.85
c2 kernel 10 66.7 3 20.0 2 13.3 15 0.75
D1 kernel 11 30.6 20 55.6 5 13.9 36 1.80
D2 kernel 27 54.0 16 32.0 7 14.0 50 2.50
F1 in-shell 17 27.0 43 68.3 3 4.8 63 6.30
shelled 0 0.0 4 100.0 0 4 0.40
F2 shell 16 35.6 22 48.9 7 15.6 45 4.50
kernel 17 34.0 32 64.0 1 2.0 50 2.50
F3 nutmeat 0 0 0 0 0.00
seedcoat 1 33.3 1 33.3 1 33.3 3 0.15
Total 128 36.4 195 55.4 29 8.2 352 0.68
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Figure 4.15 Average number of isolates (A) and percentagseadates of each morphotype (B) by
stage of production.
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In order to study the evolution of averagepergillussectionFlavi per nut from
production to processing, we compared samples théh same background. For this
matter, only samples from Moncorvo and from crop&Were usedArv/08 Storage 1
Storage 2 Storage 3D1 andD2). Figures 4.16 and 4.17 illustrate the fungal etioh
throughout the stages of production, for in-sheld ashelled nuts respectively. The
comparison of these data allows us to determine finawy of the contaminating fungi are
effectively in contact with the edible part of theit on each stage of production.

As can be observed, both superficial (in-shell) aridrnal (shelled) contamination
were extremely low or null during field productiand storage. As the almonds got shelled
by the processor, the number of sectiddavi isolates significantly increased (P < 0.001;
Table Al.13).
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Figure 4.16 Average number of isolates of each morphotypeutinout production, for Moncorvo
2008 samples. Field and storage samples referdbdh almonds only.
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Figure 4.17 Average number of isolates of each morphotypeutinout production, for Moncorvo
2008 samples. Field and storage samples refeetledralmonds only.
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Relative to almond’s origin, we compared sam@asage 3Moncorvo In-shell and
shelled) andD (Moncorvo kernel) from Moncorvo with sampl&d (Faro in-shell and
shelled) and=2 (Faro kernel) from Faro, because of their commuaracteristics. Figures
4.18 and 4.19 show the difference between Monc@wd Faro samples, in terms of
percentage of isolates of each morphotype and gearamber oflavi isolates per nut,
respectively. In terms of morphotype distributioh, parasiticusmorphotype is more
frequent than the other morphotypes in samples fsoth Moncorvo and Faro, except for
kernels originating from Moncorvo. It is worthnagithatA. tamariiis almost exclusive of
samples collected at the processor; it is absent Btorage samples and only one isolate
was detected from field samples (not included is #malysis). This fact may indicate that
this is a rare morphotype in almonds from Monconamd it has probably been
disseminated in the processor’'s plant by almondginationg from Faro or from
California, United States of America, resulting ¢noss-contamination of Moncorvo’s
almonds.

Samples from Faro were significantly more contaneiddhan those from Moncorvo
(P <0.001, Table AlL13). In fact, storage samgltesn Moncorvo were almost free of
AspergillussectionFlavi, but almonds shelled at the processor were sggmfly more
contaminated (P < 0.001). Once again, this may bt@aw® with cross-contamination from

the environment.
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Figure 4.18 Percentage of isolates of each morphotype byradfsarigin.
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Figure 4.19 Average number of isolates by almonds’ origin.

Figures 4.20 and 4.21 illustrate the percentageach morphotype and the average
number of isolates per nut in Faro samples for whgous stages of processing. For
almonds that are originally strongly contaminatgdAspergillus Flavj processing can
have an important role on the final level of contaation. By shelling at the processor, a
significant contamination of the kernel occurretheled vs. kernel; P <0.001; Table
Al.13), i.e, propagules present at the shell othatenvironmet entered in direct contact
with the kernel. But, by submitting those kernets dven-drying, those fungi were

eliminated, rendering this final product a high liyan terms of fungal contamination.
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Figure 4.20 Percentage of isolates of each morphotype bydfpeocessing, for Faro samples.
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Figure 4.21 Average number of isolates of each morphotypetyipe of processing, for Faro
samples.
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4.1.3.2.1 Frequency of aflatoxigenic and non-aflatoxigenraists

Table 4.19 lists the number and percentage ofaxifigénic (AF) isolates by sample.

Table 4.19 Number of isolates and percentage of AF produakesich morphotype, by sample.

Morphotypes
A. flavus A. parasiticus A. tamarii Total

Sample # AF % AF # AF" % AF # AF" % AF # AF* % AF

Field

Arv/07 in-shell 1 1 100.0 2 2 100.0 0 3 3 100.0
shelled 0 0 0

Arv/08 in-shell 2 2 100.0 11 11  100.0 1 0 0.0 14 13 92.9
shelled 0 0 0

Storage

Al in-shell 0 2 2 100.0 0 2 2 100.0
shelled 0 0 0

A2 in-shell 0 2 2 100.0 0 2 2 100.0
shelled 0 1 1 100.0 0 1 1 100.0

A3 in-shell 0 4 4 100.0 0 4 4 100.0
shelled 0 0 0

B1 in-shell 0 1 1 100.0 0 1 1 100.0
shelled 0 0 0

B2 in-shell 3 1 33.3 6 6 100.0 0 9 7 77.8
shelled 0 0 0

B3 in-shell 1 0 0.0 0 1 0 0.0
shelled 0 0 0

Processor

A in-shell 8 0 0.0 11 11  100.0 0 19 11 57.9
shelled 2 0 0.0 3 3 100.0 1 0 0.0 6 3 50.0

B kernel 5 5 100.0 2 2 100.0 0 7 7 100.0

C1 kernel 7 1 14.3 9 9 100.0 1 0 0.0 17 10 58.8

Cc2 kernel 10 3 30.0 3 3 100.0 2 0 0.0 15 6 40.0

D1 kernel 11 3 27.3 20 20 100.0 5 0 0.0 36 23 63.9

D2 kernel 27 4 18.5 16 16 100.0 7 0 0.0 50 21 42.0

F1 in-shell 17 2 11.8 43 43  100.0 3 0 0.0 63 45 471.
shelled 0 4 4 100.0 0 4 4 100.0

F2 shell 16 6 37.5 22 22 100.0 7 0 0.0 45 28 262.
kernel 17 8 41.2 32 32 100.0 1 0 0.0 50 39 78.0

F3 nutmeat 0 0 0 0
seedcoat 1 0 0.0 1 1 100.0 1 0 0.0 3 1 33.3

Total 128 36 28.1 195 195 100.0 29 0 0.0 352 231 65.6

AF production was detected in 65.6% (231 of the)382he isolates. The majority
of the AF producing isolates belonged to the Aapdicus morphotype, for which 100%
of the isolates tested positive for aflatoxigerdity. For theA. flavusmorphotype, only
28.1% of the isolates (10.2% of total Mlavi) were considered AFwhereas none of the

isolates of thé\. tamariimorphotype was identified as AF
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Relative to almonds’ origin, the isolates were prathantly AF in both Faro and
Moncorvo (Table 4.20) samples, but there were fagmitly more AF isolates in Faro
samples (P < 0.001; Table Al.13).

Table 4.20 Number of isolates and percentage of AF producEesich morphotype, grouped by
origin, stage of production and type of processing.

Morphotypes Total

A. flavus A. parasiticus A. tamarii

# AF % AF #  AF+ % AF # AF" % AF  # AF % AF AF/nut
Origin
Moncorvo 77 20 26.0 93 93 100.0 17 0 0.0 187 113 460 0.27
Faro 51 16 314 102 102 100.0 11 O 0.0 165 118 71.51.31

Stage of production

Field 3 3 100.0 13 13 100.0 1 0 0.0 17 16 94.1 0.09
Storage 4 1 25.0 16 16 100.0 0 - - 20 17 85.0 0.14
Processor 121 32 26.4 166 166  100.0 28 O 0.0 3158 1%2.9 0.90

Type of processing

In-shell 32 6 18.8 82 82 100.0 4 0 0.0 118 88 74.60.49
Shelled 2 0 0.0 8 8 100.0 1 0 0.0 11 8 72.7 0.04
Shell 16 6 375 22 22 100.0 7 0 0.0 45 28 62.2 2.90
Kernel 77 24 31.2 82 82 100.0 16 0 0.0 175 106 60.6 0.96
Nutmeat 0 - - 0 - 0 - - 0 - - 0.00
Seed coat 1 0 0.0 1 1 100.0 1 0 0.0 3 1 33.3 0.05
Total 128 36 28.1 195 195 100.0 29 0 0.0 352 231 65.6 0.45

Field and Storage samples were contaminated by al smamber of Aspergillus
sectionFlavi, which were mainly AFE On the other hand, isolates from processor sample
were significantly more numerous (P < 0.001), bstraller percentage of them was’AF
The population ofA. flavusfrom Field samples was 100% AFout we have to consider
the small number of isolates (3).

When considering samples by type of processingheit and shelled almonds,
which corresponded mainly to Field and Storageestarf production, were the ones with
the highest percentage of Aisolates, but they were weakly contaminated. Tarape
with the highest number &flavi isolates per nut was the shell of Faro almondsi(aking
shelled by the processor), but the kernels resgultiom this processing also had high
levels of contamination. These were also the sasnpleere the percentage of AR.
flavus isolates was higher, but the difference relatigein-shell almonds was not
significant (P > 0.266).
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4.1.3.2.2 Associations among fungi

Associations betweeAspergillus sectionFlavi contaminating almond samples is
presented inTable 4.21. The association among thmoBphotypes is low. Also,
contamination with aflatoxigeni&. flavusdoes not seem to be associated to contamination

with A. parasiticusandA. tamariimorphotypes.

Table 4.21 Associations between fungi, as determinedbiycoefficient

Fungi Observed Predicted Phi P
A. flavusAF+ vsA. parasiticus 14 6.0 0.165 0.001
A. flavusAF+ vsA. tamarii 5 15 0.136 0.011
A. flavusvs A. parasiticus 44 17 0.352 0.000
A. flavusvs A. tamarii 16 4.1 0.287 0.000
A. parasiticusys A. tamarii 17 5.8 0.236 0.000

The results presented in Table 4.21 corresponkde@nalysis of all samples in bulk.
When considering the analysis using uniform groapsamples (by origin, by stage of
production and by type of processing)i coefficientsand P-values showed to be within
the same magnitude (data not shown). The majorpérce was that the association
betweenA. flavusandA. parasiticusin Faro samples was higher than for general aisalys
(Phi=0.614, P <0.001).

4.1.3.2.3 Associations between fungi and other variables

Tables 4.22 and 4.23 list the association#AspergillussectionFlavi isolates (in
terms of morphotypes and aflatoxigenicity) with tgin of the almonds and with the
stage of production, respectively. All groups afl&ges considered were more common on
Faro samples than expected (and less common in dham; but the levels of association
of the almonds’ origin with the aflatoxigenicity tie isolates, or even with any of the
morphotypes, were low to very low. On the otherdyahe associations with the stage of
production ranged between low to moderate (alwasterchined with extremely high

statistical certainty). In all cases, almonds ai#ld at the processor were more
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contaminated than expected, and the opposite wdfsedefor field and storage samples.
Isolates from sectioRlavi and aflatoxigenic isolates were only moderateoamted with

the stage of production.

Table 4.22 Associations betweehspergillussectionFlavi and almond’s origin, as determined by

Cramer’sV.
Moncorvo Faro

Fungi Observed Predicted  Observed Predicted Cramer's V P
AF* 82 104.2 44 21.8 0.263 0.000
AF* A flavus 15 23.2 13 4.8 0.184 0.000
Total Flavi 108 127.3 46 26.7 0.215 0.000
A. flavus 49 65.3 30 13.7 0.231  0.000
A. parasiticus 70 92.6 42 194 0.280 0.000
A. tamarii 16 22.3 11 4.7 0.145 0.001

Table 4.23 Associations betweefispergillussectionFlavi and almond’s stage of production, as
determined byCramer’sV.

Field Storage Processing
Fungi Observed Predicted  Observed Predicted  Observed Predicted Cramer's V P
AF* 14 43.6 15 29.1 97 53.3 0.399 0.000
AF* A flavus 3 9.7 1 6.5 24 11.8 0.210 0.000
Total Flavi 15 53.3 17 355 122 65.2 0.487  0.000
A. flavus 3 27.3 3 18.3 73 334 0.429  0.000
A. parasiticus 11 38.8 15 25.8 86 47.4 0.370 0.000
A. tamarii 1 9.3 0 6.2 26 114 0.256  0.000
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4.1.4 Aflatoxin contamination of almond samples

4.1.4.1 Method validation

Instrumental precision was assessed by analysimgjaddard solutions over 2
consecutive days. The HPLC conditions allowed tktemnination of the 4 AFs with
retention times of approximately 15.5, 18, 20.5 add minutes for AFg AFG,, AFB;
and AFB, respectively (Figure 4.22).

my

5 10 15 20 25
Retention time (minutes)

Figure 4.22HPLC chromatogram for a standard solution of wmhi¥d=s (3 pg/mL of AFB and
AFG,, and 0.75 pg/mL of AFBand AFG).

Calibration parameters are presented in Table 4l@4evaluate the precision and
recovery of the extraction method, blank samplesewspiked at two different AFs
concentrations; AFs were extracted and analysetliphcate over 2 consecutive days.
Clean chromatograms, with well resolved peaks spording to the 4 AFs, were obtained
with spiked almonds (Figure 4.23). ChromatogramAfmefiree almond samples showed no
background interference from other substances. |Refu Recovery, Relative Standard
Deviation (RSPand RSE), LOD and LOQ are expressed in Table 4.25.

Table 4.24 Calibration parameters of instrumentation.

AF Calibration curve r2 LOD (ng/mL) LOQ (ng/mL)
B, y = 6E-07x + 3E-05 0.998 0.133 0.384
B, y = 2E-07x + 5E-06 0.998 0.028 0.083
G, y = 1E-06x + 2E-05 0.991 0.230 0.725
G, y = 7E-07x + 1E-05 0.993 0.059 0.175
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Figure 4.23 Chromatogram of AFs extracted from almonds spikatth 6 pg/kg of AFB and
AFG,, and 1.5 pug/kg of AFBand AFG.

Table 4.25Performance and precision of AFs extraction metfardeach AF.

Bl BZ Gl G2
6 2 15 0.5 6 2 15 0.5
uokg pokg  polkg polkg  pglkg pgkg  upgkg  uglkg

Day 1

Recovery (%)
Replicate 1 96.0 92.2 98.7 101.8 88.4 106.997.8 105.9
Replicate 2 90.6 914 95.2 1127 80.4 108.594.8 1128

Replicate 3 85.3 927 90.3 937 77.7 96.594.3 95.7
Mean 90.6 92.1 94.7 102.7 82.2 104.0956 104.8
SD 5.35 0.66 4.22 9.5 558 6.53 1.91 8.57
RSD (%) 5.9 0.7 45 9.3 6.8 6.3 2.0 8.2
Day 2
Recovery (%)
Replicate 1 91.1 1147 98.0 96.5 88.6 102.089.5 103.9
Replicate 2 98.7 96.0 100.2 91.3 91.3 104.795.2 103.2
Replicate 3 100.4 93.7 959 85.6 89.9 99.085.7 112.0
Mean 96.7 101.5 98.0 91.1 89.9 101.990.1 106.4
SD 5.0 11.5 21 55 14 2.9 4.7 4.9
RSD (%) 5.1 11.3 2.2 6.0 15 2.8 5.3 4.6
Mean Recovery (%) 93.7 96.8 96.4 96.9 86.0 103.92.9 105.6
MDjn* 43 6.6 23 8.2 5.4 15 3.9 11
RMDint* (%) 4.6 6.9 2.4 8.5 6.3 1.4 4.2 11
LOD (ug/kg) 0.266 0.057 0.461 0.119
LOQ (pg/kg) 0.768 0.166 1.451 0.350
Recommended range
Recovery (%) 70-110 50-120 70-110 50-120
RSD (%) 22 27 28 33 22 27 28 33
RSDk(%) 34 41 42 47 34 41 42 47

* Because there are only two values for mean regove calculate Intermediate
Precision, mean deviation (MD) and relative meamiadion (RMD) substitute the
commonly used standard deviation (SD) and relaigadard deviation (RSD).

** As recommended by the Codex Committee on Contamts in Foods (CCCF,

2008), based on the equations determined by Tham{#5a00) and Horwitz & Albert
(2006), and adopted by the European Regulation7862010.
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4.1.4.2 Sample analysis

Results of AFs detection and quantification on Bguwese almonds, which were
undertaken on nutmeat only, are listed in Table64.Eigure 4.24 shows AFs
chromatograms of naturally contaminated samples Weére only detected on sample Al
from storage. The level of contamination with AREhd total AFs did not reach the current

maximum levels legally set either for almonds tosbeted and processed or for ready to

eat almonds.

Table 4.26 Aflatoxin contamination of almond samples.

AFs (pg/kg)
Sample B B, G; G, Total
Field
P1/2007 <LOD <LOD <LOD <LOD < LOD
P2/2007 <LOD <LOD <LOD <LOD < LOD
P3/2007 <LOD <LOD <LOD <LOD < LOD
P1/2008 <LOD <LOD <LOD <LOD < LOD
P2/2008 <LOD <LOD <LOD <LOD < LOD
P3/2008 <LOD <LOD <LOD <LOD < LOD
Storage
Al 4.8 0.17 <LOD <LOD 4.97
A2 <LOD <LOD <LOD <LOD <LOD
A3 <LOD <LOD <LOD <LOD <LOD
B1 <LOD <LOD <LOD <LOD < LOD
B2 <LOD <LOD <LOD <LOD <LOD
B3 <LOD <LOD <LOD <LOD <LOD
Processor
A <LOD <LOD <LOD <LOD <LOD
B <LOD <LOD <LOD <LOD <LOD
C1 <LOD <LOD <LOD <LOD <LOD
Cc2 <LOD <LOD <LOD <LOD <LOD
D1 <LOD <LOD <LOD <LOD <LOD
D2 <LOD <LOD <LOD <LOD <LOD
F1 <LOD <LOD <LOD <LOD < LOD
F2 <LOD <LOD <LOD <LOD < LOD
F3 <LOD <LOD <LOD <LOD < LOD
Maximum levels*
To be processed 12 - - - 15
Ready to eat 8 - - - 10

* Commission Regulation (EU) No 165/2010 of 26 Felry 2010, setting maximum levels for
certain contaminants in foodstuffs as regards AFs
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Figure 4.24Chromatogram of AFs extracted from almonds naty@htaminated with AFBand
AFB, (storage samplal).

184



Chapter 4 Results

4.2 Molecular differentiation of aflatoxigenic and non-aflatoxigenic isolates

Thirty-five isolates were analysed for the presenicgenesaflD andaflQ (PCR), as
well as for their expression (RT-PCR) under cowodii that where inducive and non-
inducive of AFs production. Multiplex PCR was deyséd on genomic DNA with 3
primer pairs: tubl-F/tubl-R for thwbl gene (internal amplification control); ord1-
gF/ord1-gR foraflQ; and norl-F/norl-R foaflD. PCR on cDNA (RT-PCR) involved an
extra pair of primers foaflQ, ord1-cF/ord1-cR. Figure 4.25 illustrates the etpé results
for each primer pair amplification, for RT-PCR (pleix amplification on 2 isolates) and

for PCR (multiplex amplification on one isolate).

1406 bp (DNA- tub1)

1198 bp (cDNA - tub1)
. 719 bp(DNA-afiQ)
—. 599 bp (cDNA - aflQ)
400 bp—(DNA and cDNA - afiD)

Figure 4.25Band sizes expected from PCR and RT-PCR reactigns.100 bp DNA ladder
(Promega); 1 and 2 - RT-PCR with tubl-F/tubl-R (MWW.202 [AF and MUM
10.225 [AF], respectively); 3 and 4 - RT-PCR with ord1-gF/bgR; 5 and 6 - RT-
PCR with ordl-cF/ord1-cR; 7 and 8 - RT-PCR with InBfnorl-R; 9 - PCR with
tub1-F/tub1-R, ord1-gF/ord1-gR and norl-F/norl-RJM110.225 [AF]).

When using the primer pair ord1-gF/ord1-gR propdsg&herm et al. (2005) for the
amplification from RNA, we detected a band corregpog to the size of the expected
amplification from DNA (719 bp) in all isolates arahother band corresponding to the
expected amplification from RNA (599 bp) in the ‘ABolates. To exclude the possibility
of DNA contamination of the RNA, we ran a PCR farious RNA samples and no
amplification occured (data not shown), confirmthg efficacy of the DNase treatment.
Furthermore, if any DNA contamination was to besprd, two bands for theibl gene
would appear at sizes 1406 bp (DNA) and 1198 bpARMDnly the smaller band was
present, further confirming the purity of the RNAansples. The primer pair
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ord1l-gF/ord1-cR proposed by Degola et al. (200d) bt produce any amplicon, even
when tested in a wider number of isolates. We latene to the knowledge that these
primers’'s sequences were wrongly published, thustifying the inexistence of
amplification.

Figures 4.26 and 4.27 illustrate the multiplex P&Rl RT-PCR results for various
AF" and AF isolates, indicating the expected band sizes. B@RRT-PCR results for all

isolates tested are presented in Table 4.27.

M 1 2 38 4 'S b 7 & 9 100 11 12

- 1406 bp (tub1l)

—— 719 bp(afiQ)
—— 400 bp (afID)

Figure 4.26 Agarose gel electrophoretic pattern of PCR presdud - 100 bp DNA ladder
(Promega); 1 - 07AAsp05 (AF 2 - MUM 10.200 (AF); 3 - MUM 10.201 (AF);
4 - 08AAsp34 (AF); 5 - MUM 10.202 (AP; 6 - MUM 10.225 (AF); 7 - MUM
10.203 (AF); 8 - 08AAsp38 (AF); 9 - 08AAsp39 (AF); 10 - 08AAsp72 (AP); 11 -
08AAsp76 (AF); 12 - 08AAsp77 (AP; 13 - 08AAsp83 (AP); 14 - MUM 10.220
(AF).

1406 bp (DNA - tub1)
1198 bp (cDNA — tub1)

719 bp (DNA - afiQ)
599 bp (cDNA — afiQ)

400 bp (DNA - afiD)

Figure 4.27 Agarose gel electrophoretic pattern of RT-PCRdpots. M - 100 bp DNA ladder
(Promega); 1 - MUM 10.202 (AF 2 - MUM 10.225 (AF);3 - 08AAsp72 (AF);
4 - 08AAsp76 (AP; 5 - 08AAsp77 (AP; 6 - 08AAsp83 (AF); 7 - MUM 10.220
(AF); 8 - DNA-PCR control.
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Table 4.27 Presence of genedlD andaflQ (PCR) and their expression (RT-PCR)Aspergillus
sectionFlavi isolates.

Gene presence (PCR) Gene expression (RT-PCR)

Isolate code Classification ARB aflD aflQ aflD aflQ
07AAsp05 A. parasiticus + + + + +
MUM 10.200 A. flavus + + + + +-
MUM 10.201 A. parasiticus + + + + +
08AAsp34 A. parasiticus ++ + + + +
MUM 10.202 A. flavus - - + - -
MUM 10.225 A. parasiticus ++ + + n.d. +
MUM 10.203 A. flavus +/- + + + -
08AAsp38 A. parasiticus ++ + + + +
08AAsp39 A. parasiticus ++ + + + +
MUM 10.204 A. flavus +- + + + -
08AAsp43 A. flavus - + + +

08AAsp66 A. parasiticus ++ + + + +
MUM 10.205 A. parasiticus + + + n.d. +/-
08AAsp68 A. parasiticus ++ + + n.d.

08AAsp72 A. parasiticus ++ + + n.d.

08AAsp76 A. flavus - + + n.d.

08AAsp77 A. flavus - + + n.d. -
08AAsp83 A. parasiticus ++ + + n.d. +
08AAspl01  A. parasiticus ++ + + n.d. +
08AAspl03  A. parasiticus ++ + + n.d. +
08AAspl05  A. flavus - + + n.d. -
08AAspl08  A. parasiticus ++ + + n.d. +
08AAspl09  A. flavus - + + n.d. -
08AAspll10  A. parasiticus ++ + + n.d. +
08AAsplll  A. parasiticus ++ + + n.d. +
08AAspll2 A.flavus - + + n.d. -
08AAspll3 A.flavus - + + n.d. -
08AAspll5  A.flavus - + + n.d. -
MUM 10.206 A. flavus +/- + + n.d. -
08AAspll7  A. parasiticus ++ + + n.d. +
08AAspl58  A. parasiticus +++ + + n.d. +
Controls

MUM 92.01 A. flavus +- + + + -
MUM 92.02  A. parasiticus ++ + + + +
MUM 10.220 A. flavus - - - - -
01UAs55 A. flavus - - - - -

n.d. not determined
+: strong signal; +/-: weak signal; -: no signatedted

From Portuguese almond isolates (field isolatesyl eonsidering the presence of
both genes under studgflD andaflQ), only MUM 10.202 (AF was negative for thaflD
amplicon, whereas 01UAs55 (AFand MUM 10.220 (AR, herein used as negative
controls (lab strains), showed no amplificationtbothaflD andaflQ.
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RT-PCR foraflQ showed a confusing, but consistent, band patédrisolates tested
for aflD expression gave a positive result, even for i8élates. The only exceptions were,
as expected, the isolates negativedfd presence (MUM 10.202, 01UAs55 and MUM
10.220).aflQ expression was tested for all isolates. All stréid; producers showed an
amplicon near 600 bp, corresponding to the expeafi€@dimRNA. This fragment was not
detected in ARsolates. Among the weak producers of AFBolates MUM 10.200 and
MUM 10.205 showed a weak expression signal, andtse® MUM 10.203, MUM 10.204,
MUM 10.206 and MUM92.01 showed no signal &lQ expression.
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4.3 AspergillussectionFlavi

4.3.1 Isolates characterisation and identification

Since species identification within sectiBlavi is very difficult to attain, our isolates
were characterised using a polyphasic approacls @pproach involved a preliminary
morphological identification, which resulted in theeparation of the isolates into
morphotypes, followed by the characterisation @frtlextrolite profile in respect to AFs
(B1, By, G; and G) and CPA production (chemotypes). The combinatiomorphological
features and extrolite profile resulted in the pitgpic identification of the isolates. A
restricted group of isolates, selected from théedkht phenotypes identified, were further
characterised by genetic sequence analysis aneiproass spectral analysis.

Isolates were characterised by comparison to ex-&ypl authentic strains of species
belonging to the section.

4.3.1.1 Phenotypic analysis

In our survey, we isolated 352 fungi belonging @at®nFlavi. All isolates showing
colony colour on CYA in a shade of green or brobmetn were tested on AFPA. Those
isolates simultaneously showing green colony on G¥W cadmium orange (and, in rare
cases, cream) on AFPA, or brown colony on CYA anoMn reverse on AFPA were

confirmed adAspergillussectionFlavi. [solates were subjected to a batch of morphological

and physiological analysis for species identifizaticolony colour and diameter on CYA,
MEA, CY20S and CYA at 42 °C; conidia morphology ardamentation; aspergilli head
seriation; sclerotia morphology and size, fluoreseeon CAM; and production of CPA
and AFs. Results for all isolates are shown initet@ppendix All.

As a result of preliminary morphological charadation, isolates were divided into
three morphotypes, based on colony colour on CYhidia ornamentation and colony
reverse colour on AFPA. Figure 4.28 shows the charstics typical of each of the

morphotypes. One group of 29 isolates (8.2%) wayg destinctive from the others, and
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was characterised by bronze to dark-brown velvetgries on CYA with conspicuously
roughened thick walls, and colonies with a darkabraeverse on AFPA (Figure 4.28A).
Because they were very similar #. tamarii they were grouped asA. tamarii
morphotype’. The remaining isolates were less mlisiite between each other. They had
yellow—green to dark-green colonies on CYA and siméo rough conidia. They also had
a cadmium orange- or, less frequently, cream-celbueverse on AFPA. These isolates
were further divided into 2 morphotypes: 127 ise$af36.1%) resembled. flavus with
yellow-green colonies and smooth conidia, and wareluded in the A. flavus
morphotype’ (Figure 4.28B). All these isolates hadnge reverse on AFPA. Isolates
similar to A. parasiticus with olive-green to dark-green colonies and roaghidia were
included in the A. parasiticusmorphotype’ (196 isolates, 55.7%; Figure 4.280mdst

all isolates showed the typical orange reverse &RA but six isolates showed cream
reverse, a characteristic that has been assoaiated\. oryzaeandA. arachidicola but

not toA. parasiticus

Figure 4.28 Morphological characteristics used for morphotyfiferentiation. A) morphotype
A. tamarii B) morphotypeA. flavus and C) morphotypd. parasitius From left to
right: colony colour on CYA; colony reverse on AFR®nidia ornamentation.
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Albeit this separation, isolates within morphotypgsowed some morphological
variance when cultured under the same conditiandoth A. flavusand A. parasiticus
morphotypes we could observe velvety and floccosnees, as well as sclerotia
producers and non-producers. Also, colony colourGYA showed various shades of
green withinA. flavusand A. parasiticusmorphotypes (Figure 4.29), as well as various
degrees of brown in tha&. tamarii morphotype. Parallel to that, each isolate alsmwslal
high plasticity depending on culture conditiongy{ie 4.30).

Figure 4.29Isolates 09AAsp01 (A), 09AAsp04 (B) and 09AAsH@ identified asA. parasiticus
morphotype, showing different textures and différgrades of dark-green.

Figure 4.30 Different morphologies shown by the isolate MUN.209 @A. flavusmorphotype),
when grown under different culture conditions. Frtp left to bottom right: growth
on CY20S, CYA, MEA, CYA42, CYAS37.
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All isolates showed good growth on the various rmedi25 °C, consistently reaching
diameters > 7 cm after 7 days of incubati&alerotia were all of the L-type (> 400 pum),
round to elongate, and were present in 80.7% oAtH&avusisolates and in 52.6% of the
A. parasiticusisolates. Thirty-five per cent of th&. tamarii isolates showed rare white
elongate sclerotia. As to conidial head seriat@8%bo of theA. flavusmorphotype isolates
were predominantly biseriate, whereas 94.1% of Aheparasiticus morphotype were
predominantly uniseriate.

Isolates were characterised on the basis of myaeoic profile, namely AFBs,
AFGs and CPA production ability. By associating platypes to chemotypes, isolates
were grouped into phenotypes (Table 4.28). Intarglst we observed that each phenotype
was associated to a characteristic chromatogragatitern for both AFs and CPA, and that
the chromatograms were helpful in phenotype detatiun. So, chromatographic patterns
for AFs and CPA were included in the analysis asaefeatures. Figures 4.31 and 4.32
show, respectively, examples of CPA and AFs chrograins characteristic of the

different chemotypes.

Table 4.28 Morphotypes, chemotypes and phenotypes (resuftmg the association between
morphotype and chemotype) of thepergillusFlavi isolates.

Morphotype Chemotype Phenotype # isolates
CPA AFBs AFGs
A. flavus - - - A. flavusl 23
+ - - A. flavusll 69
+ - A. flavuslll 32
+- +/- A. flavuslV 2
A. parasiticus - ++ + A. parasiticud 169
? + ++ A. parasiticudl 14
+ ++ + A. parasiticudll 5
+ - A. parasiticudV 8
A. tamarii + - - A. tamarii 29

-: not detected

+: detected

++: detected in high levels

+/-: detected in very low levels
(?): unable to determine
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Retention time (minutes)

Figure 4.31HPLC chromatograms of CPA production analysisC®A standard; BA. flavusl
andA. parasiticusl phenotypes (CPA C) A. flavusll, A. flavuslll, A. flavuslV and
A. parasiticudll phenotypes (CPA; D) A. parasiticud| phenotype (CPA.
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Figure 4.32HPLC chromatograms of AFs production analysis. S&ndard solution of mixed
AFG,, AFG,, AFB, and AFB; B) A. flavuslll and A. parasiticuslV phenotypes
(AFB* and AFG); C) A. flavuslV phenotype (AFB" and AFG’); D) A. parasiticus
andA. parasiticuslll phenotypes (AFB and AFG); E) A. parasiticusll phenotype

(AFB* and AFG").
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The A. tamarii morphotype showed a highly consistent profile,hwatll isolates
producing CPA but not AFs and exhibiting similar IlP chromatograms. On the other
hand, theA. flavusmorphotype was more variable and four chemotypere wdentified:
18% of the isolates were found to be non-toxigémidooth AFs and CPA under the tested
conditions, 54% produced CPA only and 26% produsEBs and CPA. Two isolates had
the unusual characteristic of producing CPA andllsanaounts of AFBs and AFGs.

The A. parasiticusmorphotype also varied in terms of extrolite pgefiwith four
chemotypes identified. The majority of the isola{86%) had the typical profile oA.
parasiticus i.e, were strong producers of AFBs and AFGs aiadndt produce CPA.
Unexpectedly, 8 isolates (4%) were found to be AFGpative, showing AFs
chromatograms similar to those from aflatoxigeAicflavus Another group of isolates
(7%) showed the atypical characteristic of prodgcmore AFGs than AFBs. These
isolates also showed a particularly different CR#omatogram where the determination
of CPA production was dubious due to various pesde the CPA retention time (Figure
4.31D).

AFs production was also tested on CAM, for whichmofescence production and
colour were recorded. Presence of fluorescencecaaslated with AFs production at a
very high level Cramer’'s V=0.988, P = 0.000), since only two isolates ponuy AFs
did not show fluorescence on CAM. These two issladMUM 10.203 and 08AAsp41,
showed to be weak AFs producers, as determined BYyCH Whenever present,
fluorescence assumed different colours: blue, viokegreen. Isolates producing AFBs
only (AFB") also produced a violet fluorescence on CAM; imsaAFB and AFG
generally produced a blue fluorescence, the examepbeing those isolates producing
higher levels of AFGs than AFBs, which in some sge®duced a green fluorescence.

Twenty-four of the 352 isolates characterised phgmncally (4 lab strains and 20
field isolates) were selected to construct a degrdirm based on phenotypic similarity.
These isolates were representative of the varibesqtypes and, in some cases, even if
belonging to the same phenotype, they were seldeduse of a special characteristic
that differentiated them from the reference st(ailg. different shade of green or floccose
texture of colony on CYA). Only colony colour on @Y conidia ornamentation, colony
reverse on AFPA and mycotoxigenic profile (inclugliohromatographic patterns) were

considered for the phenotypic cluster analysis.l&dR29 lists the 24 isolates used in this
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analysis and the corresponding phenotypic featufd® phenotypic dendrogram is

presented in Figure 4.33.

Table 4.29 List of strains used for analysis of phenotypiuikrity, with details on the features
used for the analysis.

Conidia  Colony colour Reverse on  AFGs AFBs CPA
Code on CYA on CYA AFPA onYES onYES onCYA Phenotypic ID
Control strains
MUM 92.01 smooth yellow-green orange - +/- + A. flavuslll
MUM 92.02 rough dark-green orange + + - A. parasiticud
MUM 09.03 rough brown brown - - + A. tamarii
MUM 10.220 smooth yellow-green orange - - - A. flavusl
Field isolates
MUM 10.200 smooth yellow-green orange - ++ + A. flavuslll
MUM 10.201 rough dark-green orange + + - A. parasiticud
MUM 10.202 smooth yellow-green orange - - - A. flavusl
MUM 10.203 smooth yellow-green orange -/+ +/- + A. flavuslvV
MUM 10.204 smooth yellow-green orange - +/- A. flavuslll
MUM 10.205 rough dark-green orange ++ + (?) A. parasiticudl
MUM 10.206 smooth yellow-green orange - + + A. flavuslll
MUM 10.207 rough yellow-green orange - ++ + A. flavuslll
MUM 10.208 rough dark-green orange ++ ++ + A. parasiticudll
MUM 10.209 smooth yellow-green orange - ++ + A. flavuslll
MUM 10.210 rough dark-green cream ++ ++ - A. parasiticud
MUM 10.211 rough dark-green cream ++ + ?) A. parasiticudl
MUM 10.212 rough dark-green orange - ++ - A. parasiticudV
MUM 10.213 rough dark-green cream ++ ++ - A. parasiticud
MUM 10.214 rough dark-green orange ++ + (?) A. parasiticudl
MUM 10.215 rough dark-green cream + ++ - A. parasiticud
MUM 10.216 rough dark-green orange + ++ - A. parasiticud
MUM 10.217 rough brown brown - - + A. tamarii
MUM 10.218 smooth yellow-green orange - + + A. flavuslll
MUM 10.219 rough dark-green orange ++ ++ + A. parasiticudll

-: not detected

+: detected

++: detected in high levels

+/-: detected in very low levels
(?): unable to determine
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Figure 4.33 Dendrogram of relatedness between sedtiani isolates based on the analysis of 8
phenotypic characters: colony colour on CYA; comidurface; reverse on AFPA,
AFB production; AFG production; CPA production; chratographic pattern of AFs;
and chromatographic pattern of CPA. The colour nragicates the differences
between isolates for each of the features.

As expected, three major clusters correspondingh& three morphotypes were
created, withA. tamariibeing more distantly related £o flavusandA. parasiticus Within
each major cluster, sub-clusters are easily reldatedhe various phenotypes. It is
noteworthy that isolates MUM 10.204 and MUM 10.2@8though included in the
A. flavus|il phenotype, grouped closer to MUM 10.203 thanttie otherA. flavuslii

isolates, mostly because they share common CPAnaiograms.
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4.3.1.2 Molecular analysis

For the molecular analysis, two regions of the gemevere analysed, namely part of
the rRNA gene and part of the calmodulin gene,rolepoto determine which was more
informative for the phylogenetic analysis. For tmatter, 11 of the previously referred 24
isolates were submitted to sequence analysis d&f keglions. These 11 isolates included
individuals fromA. flavusl, A. flavuslll, A. flavuslV, A. parasiticusl, A. parasiticusll
andA. tamariiphenotypes.

The phylogenetic relationship among our isolates amalysed by various inference
methods: Neighbour-Joining (NJ), Maximum ParsimdMP), Maximum Likelihood
(ML) and Bayesian Inference (Bl). For the differentethods, various analytical
parameters were tested. The analyses resultedan with similar topologies and similar
confidence levels (bootstrap values for NJ, MP lslihdl and posterior probabilities for Bl).
Hall (2005) and Ogden & Rosenberg (2006) have dtttat Bl is slightly more accurate
than ML, that MP is next, and that NJ is the lemsturate approach. For that reason,
results presented in this section are those olutdiyeBayesian Inference. Trees obtained
by the other methods are presented in Appendix Ill.

Figures 4.34 and 4.35 represent the consensusdb¢@sed by Bayesian Inference
for the ITS region and the calmodulin gene, respelst The values on the branches
correspond to the posterior probabilities of eadiernal node, which reflect the level of

confidence for each clade. No outgroup was defingdese analyses.
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Figure 4.34Consensus tree for the ITS region obtained byeBiay Inference. Node labels
represent the posterior probabilities of each iid@kenode.
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Figure 4.35Consensus tree for the calmodulin gene obtaigeBdyesian Inference. Node labels
represent the posterior probabilities of each naknode.

For the analysis of the calmodulin gene, 730 sitexe analysed, of which 16 (2.2%)
were phylogenetically informative. The ITS datasetiuded 908 sites, with 6 (0.66%)
sites being considered informative. Because ofithiéed number of isolates tested and the

significant proximity between them, the observedrarely low number of informative
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sites was expectable. The ITS region allowed toroiisnate only to a level matching that
of the morphotypes, and created 3 clades corregpgptal theA. flavus A. parasiticusand
A. tamarii morphotypes. On the other hand, the calmoduliregdrowed higher level of
resolution, and resulted in clades matching thenptypes previously identified in the
phenotypic dendrogram.

Considering these results, we concluded that terégion did not have a sufficient
level of resolution for the identification of oureld isolates. On the other hand, the
calmodulin gene showed to be a good genetic méokehe identification of our isolates.
Taking this into consideration, the genetic analysi the remaining 13 field isolates was
developed with the calmodulin gene only. The phglogic relationship between the 24
isolates under study is presented inFigure 4.36rder to clarify the identification of these
isolates, we compared the calmodulin sequencesiro2® isolates with the sequences of
22 type strains of sectioRlavi available in GenBank. In this analysis, the seqgasn
corresponding to the Portuguese isolates includdsites, whereas GenBank sequences
were shorter, and included around 550 sites. Tipeoapnately 180 sites in excess in the
Portuguese isolates were maintained in the analysisder to sustain a higher level of
resolution. In these analyses, 82 sites were ceraidinformative for the phylogenetic

inference.
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Figure 4.36 Consensus tree for the calmodulin gene obtaiyeBdyesian Inference. Node labels
represent the posterior probabilities of each iid@kenode.
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4.3.1.3 MALDI-TOF ICMS spectral analysis

Concomitantly to the phenotypic and genetic analysectionFlavi isolates were
also analysed based on their protein mass spegttdALDI-TOF ICMS. Figure 4.37
shows a dendrogram of relatedness between 69 asotait of the 119 isolates tested
(58%). Besides the 11 type-strains, the 58 fiebdhies included in the dendrogram herein
presented were selected as representative of allclisters obtained in the complete
analysis, and were distributed as follows\.4lavusl (18% of allA. flavusl isolates), 9A.
flavusll (13%), 8A. flavuslll (24%), 2 A. flavuslV (100%), 11A. parasiticusl (7%), 11
A. parasiticusll (79%), 3 A. parasiticuslll (60%), 8 A. parasiticuslV (89%) and 2A.

tamarii (7%).A. leporistype strain was used as out-group.
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Figure 4.37 Dendrogram of relatedness between isolates dfoseflavi based on MALDI-TOF
ICMS analysis.
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4.3.1.4 Identification of key taxonomic characters for spets identification

The association between phenotypic features andiespédentification was also
determined. For this matter, species identificatiwsas based on the conjugation of
phenotypic, molecular and spectral analysis. The fihenotypes oA. parasiticuswere
considered as being different species, whereah. dlavusphenotypes were identified as

A. flavus Results are shown inTable 4.30.

Table 4.30 Association between the various morphological eimeimical features and the isolate
classification in terms of phenotypic identificatiand species identification based on
the consensus of the three data sets, as deterbyri@ai-squareandCramer’s \/

Phenotypic ID Species
Characteristic Cramer's V P Cramer's V P
Reverse on AFPA 0.726 <0.001 0.726 <0.001
Colour on CYA 0.994 <0.001 0.994 <0.001
Sclerotia production 0.368 <0.001 0.336 <0.001
Conidia ornamentation 1.000 <0.001 1.000 <0.001
Seriation 0.691 <0.001 0.679 <0.001
Fluorescence on CAM 0.860 <0.001 0.689 <0.001
CPA 1.000 <0.001 0.943 < 0.001
AFBs 1.000 <0.001 0.821 < 0.001
AFGs 0.994 <0.001 0.983 < 0.001
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Chapter 5 Discussion

5.1 Mycobiota of almonds and chestnuts

5.1.1 Fungal contamination of samples

In a general overview, more than eighty percenthef nuts analysed in this study
were contaminated with some kind of fungi. The mmethmon fungi were identified as
belonging to the generAlternaria, Aspergillus Botrytis Cladosporium Fusarium and
Penicillium Filtenborg et al. (2004) refer that normally |&san 10 species are present in a
given food commodity, and only 1 to 3 dominate amne responsible for spoilage. Our
study was not intended to be an extensive survegllocontaminating fungi, and results
are not presented at the species level, but theewsbat reflect that assumption. Even
though mycobiota varied in terms of nuts and stafgaroduction, we observed that, from
among all fungi identified, few had significant iagi on nuts contamination under each
variable situation. For instance, whenevAlternaria, Botrytis Cladosporium and
Fusariumwere widely distributedPenicillium and Aspergilluswere less significant, and
vice-versa. And even in those samples whspergillusbecame the major contaminant,
less than 5 sections (SDI) from the enfsspergilluspopulation (maximum Richness of 8)
were of significance for the overall mycobiota.

5.1.1.1 Chestnuts

Field-collected chestnuts showed to be highly coimated by unidentified yeasts
and by filamentous fungi mainly belonging to thenge Alternaria, Botrytis
Cladosporiumand Fusarium Penicillium represented an incidence of 45% in in-shelled
nuts, whereas aspergilla were identified in only ©%the analysed nuts. From the
Aspergillusgenus, sectionNligri, AspergillusandWentii were the only ones present. The
low representativeness Atpergilluswhen compared to total fungal contamination reyeal
that probably this matrix and the environmentaldibons in which chestnuts are produced
are not suitable foAspergillusestablishment in the presence of other fungi. Qls
have high starch and moisture contents (Wareirad. €2000; Barreira et al., 2009), which

give them the potential to support the growth darge spectrum of fungi. On the other
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hand, during the period of chestnut maturation badrest of 2007, Braganca registered
mean temperatures that dropped from 18 °C to 6{80i@ August to November, and the
RH varied from 60.8% to 64.9%. During this peridd20607, to which these data refer, the
temperature was only slightly lower than usual, thet rain was more abundant. Because
we only have data for one crop year, we cannotrlglesstablish a correlation between
mycological contamination and environmental cowodis, but we can withdraw some
conclusions on the basis of the physiological dottersstics of the different fungi
contaminating chestnuts from Tras-os-Montes. Asipusly mentioned, field fungi such
as Alternaria, Cladosporiumand Fusarium have ecophysiological conditions clearly
different from those oAspergillusandPenicillium The first group of fungi is adapted to
colder and more humid conditions and the lattereh@wmore xerophilic and thermophilic
nature (Rosso & Robinson, 2001; Filtenborg et 2004; Magan, 2006). Under the
environment of chestnut production and the matharacteristics, field fungi are notably
more competitive in the presence of other fungi.

In our samples, aspergilla belonging to sectidavi were completely absence.
Besides the inadequate environmental conditioresetis also the possibility that yeasts,
which were present abundantly, exerted some kindntdgonism over these aspergilla
(Wicklow et al., 1980; La Pena et al., 2004).

Few studies have been devoted to determining fuogalamination of chestnuts,
and none has analysed chestnuts originating framthjor producing countries. In fact,
some of those studies are relative to marketedtrmisswith unknown origin. In a survey
on commercial chestnuts collected from Canadiarketsy Overy et al. (2003) detected
twelve species, predominantly from gen@enicilium and only two species of
Aspergillus A. ochraceus(section Circumdat) and A. japonicus(sectionNigri), were
isolated at very low frequencies. Sieber et al0fdGound that chestnuts from Switzerland
orchards were colonised predominantly Benicilium spp. andMucor spp., while
Aspergillusspp. had little or no significance. On the othandh Wells & Payne (1975)
analysed freshly collected chestnuts from Geordi#SA, and reported strong
contamination withPenicillium Rhizopus Alternaria, Fusarium and Aspergillus spp.,
mainly those from sectiond/entii Flavi and, to a lesser exterjgri. Abdel-Gawad &
Zohri (1993) reported 100% contamination wibrotium AspergillusandPenicilliumin

a survey on chestnuts from Saudi Arabia marketsv{pce of Ar'Ar). In this case, sections
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Flavi and Nigri were present in all chestnuts. Even if none ofehstudies refer to the
origin of the analysed chestnuts, we can consliehypothesis that they had been stored
under different environmental conditions, since @&y USA, and Ar'Ar, Saudi Arabia,
are hot and dry whereas Canada and Switzerland catd and wet (URL:
http://worldweather.wmo.int/, accessed 01.09.2010)ese studies confirm that
Aspergillusspp. are significantly more relevant in surveysrfrhot and dry places than
from cold and wet places. Our environmental condgias well as our results compare
mostly with the latter.

Chestnuts from Tras-os-Montes are always colleéteth the ground. They are
allowed to drop from trees and they usually reststeveral days or weeks on wet ground
until gathered. Sieber et al. (2007) analysed nalected from the ground 2 and 7 days
after falling and nuts collected from nets fixeddve the tree canopy and they did not
register significant differences in fungal contaation between harvest methods. In our
study, 3 harvest methods were tested: from the frem the ground at the beginning of
harvest, and from the ground 3 weeks after thenbagy of harvest. Results showed that
harvest method had no significant influence on digi@ contamination, but internal total
contamination varied significantly. Chestnuts octiéel after up to 3 weeks on the ground
were significantly more contaminated internally lwdverall fungi than the samples that
were collected from the tree or from the grounthatbeginning of the harvest period. This
result can be explained by the fact that the caradaiuts with the wet soil leads to an
increased contact with fungal propagules and, uhdgr humidity, fungi can more easily
grow and reach the kernel. On the other hand, dloe that aspergilla were found less
frequently in nuts collected from the ground retdethe lower competitiveness of these

fungi under high humidity, when in the presencetbier fungi.

5.1.1.2 Almonds

5.1.1.2.1 Field-collected samples

Field-collected almonds showed strong contaminatith the same fungi identified
in chestnuts, mainlZladosporium but, besides thosAspergillusspecies were also found
to be important superficial contaminants of almorigight differentAspergillussections
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were identified, with the most common being sedidwspergillus Nigri and Flavi.
Nevertheless, no internal contamination was astegtiaith aspergilla.

Similar results had been reported for field-cokecCalifornian almonds (Phillips et
al., 1979; Purcell et al., 1980; Teviotdale & Heaokls, 1994; Bayman et al., 2002). In
these studiesCladosporiumand/orAlternaria were also considered major contaminants,
and Mucor spp. orRhizopusspp. were also reported. In our case, these twergewere
also found but not at significant frequencies. Thaght be due to different culture
conditions, namely the salt concentration on tHeuoei medium being higher in our study
(10% against 6 to 7.5% in the other studies). ipBikt al. (1979), Purcell et al. (1980) and
Bayman et al. (2002) had also referredAgpergillusspp. at significant frequencies, and
reported sectiomigri as the majoAspergilluscontaminant, whereas other sections like
Circumdati Flavi, FumigatiandNidulanteswere only rarely isolated. A negligible internal
contamination at this stage of almond productiomdlao been reported by these authors.

Contrary to our data, Phillips et al. (1979) andceli et al. (1980) mentioned the
detection of sectiorspergillusat much lesser frequencies than sechigri. Teviotdale
& Hendricks (1994) and Bayman et al. (2002) do exan refer to anfeurotium species
(or any of their anamorphic counterparts) in th&irveys. This was, to some extent,
expected in the case of Teviotdale & Hendricks &9%here culture medium used for
fungal isolation (Potato Dextrose Agar) was notgadee for xerophilic fungi, but not in
the others, where mycobiota was analysed in areufhedium very similar to ours (6% or
7.5% salt agar). It is possible that the highet sahcentration in our culture medium
(10%) gave selective advantageBHuorotium species. Other possible explanation, even if
less probable, is that the difference might be téesult of different environmental
conditions and almondsyaduring maturation and harvest. In neither casalim®nds’ g
was determined, but other almonds from Tras-os-Bonproduced under similar
conditions showedyanear 0.7.

Considering climatic data, almonds from both Tradvtontes and California are
produced under similar stressful conditions. Duringaturation and harvest, mean
temperatures in Moncorvo are around 20-24 °C, bakimum temperatures are around
31 °C, frequently reaching 40 °C. Relative humiggyies between 40 and 50%. California
temperatures vary from 23 to 27°C, with even lassnfall than Moncorvo

(http://worldweather.wmo.int/, accessed 01.09.20k0% not likely, but it is possible, that
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Californian almonds analysed in those studies wesduced under more humid conditions
than usual. Whatever the case might be, our reautsupported by King et al. (1983),
which analysed field-collected almonds with difigrevater activity and observed that
glaucus(anamorph folE. herbariorum) was the major contaminant of almonds with low
aw (0.75-0.80), whereah. nigerwas the most frequent species isolated from almenth

ay > 0.9.

Penicillium and Aspergillus and sectionsNigri and Flavi specifically, were
significantly more frequent in 2008 than in 200hdAeven though Richness and Diversity
were not considerably different, the average numideAspergillus isolates per nut
increased. In fact, the climatic conditions of Mon® during the period of June to
September of those two years were very differentiny the maturation period of 2007
(June to August), temperatures rounded 23 °C, aimflal was normally distributed, but
the harvest period (early September) was extretmatiyand dry. These conditions probably
allowed less xerophilic fungi to preferably establin almonds during maturation, with
their development being further hampered by extreinypess at the end of the harvest
period. On the other hand, 2008 was very dry artddhang almond maturation period.
The rainfall was almost inexistent, and mean teaipees reached 24 °C. This period was
probably more suitable for the establishment of engerophilic Aspergillus spp. and
Penicillium spp. during maturation, and less adequate foruthally predominant field
fungi. Almonds were then harvested under more huoudditions, which may have

favoured the growth of the already establisheditung

5.1.1.2.2 Storage-collected samples

When considering storage-collected almorfeisnicillium and Aspergilluswere the
predominant contaminants, both externally (in-gheatid internally (shelled). In fact, other
genera likeCladosporiumand Fusarium were still present, but were considerably less
frequent than in field-collected nuts. Even thotglal contamination was not significantly
different from field samples (100% in most casé@spergillusbecame significantly more
important as a contaminant. This was evidencedbyaterage number éfspergillusper
nut in almonds harvested in 2008. External contation with Aspergillusincreased from
1.7 in the field to 5.6 in storage, and internattemination increased from 0 to 0.4.
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On the other hand, Richness suffered a reductmm 8 to 5.5 (with only 3 sections
being representative) on in-shell nuts, but inaddsom 0 to 2 on shelled nuts. This seems
to be a reflex of the effect of extreme environmaéobnditions on fungal distribution. At
the end of this period, almonds registergdo® approximately 0.63, which is too low for
the majority of species to grow or even survive.deinthese conditions, the most
xerophilic section&spergillus VersicoloresandWentii (Filtenborg et al., 2004; Hoekstra
et al., 2004) were responsible for almost all thentamination. Without the
competitiveness of other fungi, a few propagulethete sections were able transpose the
shell barrier and contaminate the kernel.

Similar results in terms of mycobiota evolutiondhghout storage periods had been
observed by others. The mycobiota of sorghum gr@asSilva et al., 2000) and peanuts
(Nakai et al., 2008) from Brazil, and kolanuts frdMigeria (Adebajo & Popoola, 2003)
was analysed throughout storage periods of up tmd2ths and, in all cases, progressive
increase oAspergillusandPenicilliumincidences was detected along with the decrease of
other genera lik€ladosporiumandFusarium

In our survey, sectionsAspergillus Versicolores and Wentii became strong
contaminants in storage almonds, and accountethéomajority of fungal contamination.
SectionFlavi also became significant, whereas other sectitesdircumdati Flavipedes
and Nigri were only rarely isolated. It is noteworthy thacton Nigri, which was an
important Aspergillus contaminant in the field, almost disappeared dutine storage
period. This was not expected, since almost albmspon mycobiota of almonds and other
similar substrates during storage periods referthis section as one of the major
contaminants under storage conditions, alongsidle seictionFlavi, with evident increases
being registered throughout the storage period. (Bugcell et al., 1980; Adebajo &
Popoola, 2003; Kaaya & Kyamuhangire, 2006). Buew ftudies (da Silva et al., 2000;
Nakai et al., 2008) have reported results moreeckosours, where sectioNigri was
isolated only rarely from long-term storage samplgtudies on unprocessed almonds
marketed in California, USA (Joffe, 1969; King & t&de, 1986; Bayman et al., 2002),
Spain (Jiménez et al., 1991) and Saudi Arabia (Adevad & Zohri, 1993) have also
identified remarkably high contamination with bectiond=lavi andNigri.

SectionAspergilluswas, by far, the predominant contaminant in oudgt Other

studies have reported the presence of these foaghever at incidence levels as high as
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ours (Joffe, 1969; Purcell et al., 1980; Jiméneal.etl991; Abdel-Gawad & Zohri, 1993).
As previously referred for field-collected almondsing et al. (1983) observed that
Eurotiumspp. were more associated with loywamonds, whereas sectibligri was more
frequently isolated from almonds with highey.df we transpose these results to stored
almonds, we can hypothesise that the higher incelexf sectionNigri and absence of
sectionAspergillusreported in the previously mentioned studies maydbe to storage
under higher RH than in our case or, as previousbntioned, to different culture
conditions during fungal isolation. Storage coruis of almonds from Tras-os-Montes
seem to be adequate and effective in the contrah@fproblematic sectionNigri and
Flavi.

Our results also showed that secthigri was only present during the storage stage
where RH was higher, and decreased greatly in gh@giods. These results point to a
correlation between storage environmental condti@and mycobiota, since fungal
contaminants varied throughout the 6 months ofagi@r The storage period to which our
samples were subjected could be divided into 3whfit stages. In the first stage (mid
September to late October) mean temperatures andveid still mild and therefore
adequate for almond drying. At the end of this gebrin-shell almonds registereg, af
0.63, and the mycobiota evolved in a way that ag@omed the increased dryness of the
substrate. Contamination witAspergillus spp. significantly increased, due mainly to
sectionsAspergillus VersicoloresandWentii, which are recognised as the most xerophilic
of the genus (Filtenborg et al., 2004; Hoekstral 2004). On the contrary, sectidfigvi
andNigri, slightly less xerophilic (Filtenborg et al., 2Q0decreased.

During the second period of storage (late October ldte January), mean
temperatures dropped drastically to 5.7 °C and Rifeased to almost 90%. As a result,
almonds’ g increased to 0.72, and sectidAlsvi and Nigri also increased, despite the
extremely low temperatures. This was also the statfethe highest Richness index, with
seven sections identified, even if only four wefesignificance to the overall population.
With the third stage (late February to late Marcéine a new increase of temperature and
decrease of RH, and almondsy avas strongly reduced to 0.43. Once again, the less
xerophilic sections reduced their incidence. Thessults are in accordance with the
principle that relative humidity and matrixyaare more important in governing fungal

growth than temperature (Samapundo et al., 2007b).
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5.1.1.2.3 Processor-collected samples

The majority of the Portuguese almonds is submittedurther processing after a
period of storage at the producer. In that casey #re received in-shell by the industrial
processor and are shelled by mechanical crackieg laéing water-soaked. Kernels can at
that point be directly expedited as final producfwther processed to obtain a blanched
nutmeat. This nutmeat can also be expedited akginduct, or it can be sliced or minced
to be sold as food ingredient. Following the fat@ @ingle batch of nuts from field to the
end of processing is difficult, because it strondgpends on producer’s offer and market
conditions. In our study, processor samples ortgohdrom both Moncorvo and Faro, as
well as from 2007 and 2008 crops. None originatethfthe selected producer, and so we
could not directly compare field and storage sasp¥h processor samples, but other
conclusions could be withdrawn.

In a general overview, all processor-collected n(itxluding those not yet
processed) were strongly contaminated Agpergillus and Penicillium, only rarely
showing any other kind of fungi. Almonds suffereioeg contamination with section
Aspergillus but sectiong-lavi, Nigri, Versicoloresand Wentii were also present at high
frequencies and with numerous propagules. In faith the exception of the ubiquitous
sectionAspergillus sectiong=lavi andNigri were the predominant fungi on these samples,
while sectionsCircumdatj Flavipedesand Fumigati remained, as in previous samples,
minor contaminants. In those samples where inteandl superficial contaminations were
independently determined, we could generally regishat internal contamination was
significantly lower that superficial contaminatidnternal contaminants were mainly those
from sectionsAspergillusandFlavi.

In-shell almonds from both Moncorvo and Faro gaw@e information on the effect
of industrial shelling on kernel’'s mycobiota. Theeeage number ofAspergillusper nut
contacting the kernel before industrial shelling,datermined by aseptically removing the
shell in the laboratory, was limited to 2, whergast number increased to 10 in
industrially shelled kernels. These data suggest riechanical shelling under industrial
conditions leads to the contact of the kernel vatihigh number of fungi that would
otherwise be limited to the shell. In fact, besidlesse fungi that were already highly
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frequent superficially, other less frequent funlgelsectionsCircumdatiandVersicolores
became strong contaminants of the kernel aftefispel

In a survey on Brazil nuts, Arrus et al. (2005)oafsund that whole in-shell nuts
were not contaminated with sectibtavi, but that contamination was present in processed
nuts, both in-shell and shelled. These results miighdue to various factors. Fungi in
particulate foods have the characteristic of bdiaterogeneously distributed, i.e. a given
fungus can strongly contaminate some nuts buthwbthers, so processing can result in
its dissemination into a wider number of nuts. Tdissemination is aggravated by the fact
that fungal contamination is usually not evidentands such as nuts, and those almonds
that are visibly damaged are usually discarded drydhsorting only after shelling, so
strongly contaminated in-shell nuts might be incogbed in the shelling processing stage
and contaminate equipments and environment. Alsagifeasily disseminate in industrial
environments through a number of different propagulnamely conidia, ascospores,
hyphae and sclerotia, so cross-contamination frothero samples via industrial
environment constitutes a real problem.

Some processor samples in our study had already diedled a few months before
sample collection. These almonds, which origindtedh Moncorvo, showed superficial
contamination levels with sectiofdavi andNigri that were significantly higher than in-
shell storage- and processor-collected almonds théghsame origin. Despite the fact that
in this case superficial and internal contaminawexe not differentiated, the high
incidence of these sections in short-term storaddte suggests that these are the fungi
which are best fitted to the substrate and wilbyaifdly cause injury in the edible part of the
almond during storage, given appropriate conditions

These data suggest that, in the cases where rm@fyptocessing exists, these fungi
will remain as strong contaminants until being eoned. Sectiong-lavi and Nigri,
although not necessarily producing evident detation of almonds, have been implicated
in the adulteration of chemical features of variougs (almonds, walnuts, cashewnuts,
coconuts, peanuts; Bilgrami et al., 1983; Saleashudit al., 2006; Singh & Shukla, 2008),
and, more than that, are responsible for the pitomluof mycotoxins such as AFs, CPA
and OTA. So, they constitute real problems in teofmsuts’ safety and nutritional quality.

Almonds from Faro were followed from the momentytlagrived at the processor as

in-shell nuts until the moment they were packedbEsmched nutmeat (final product).
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Processing involved the storage in silo for 2 menthechanical cracking, blanching after
being water-soaked and oven-drying. In-shell samplere highly contaminated mainly
with sectionsAspergillus Flavi andNigri, reaching 16 propagules per in-shell nut. After
shelling, the contamination spread to the kernet, grocessing after shelling eliminated
the majority of the fungi. The number Atpergilluscontaminating the blanched nutmeat
was reduced to 1 per nut, and belonged mostly ¢toseAspergillus This means that
peeling and drying the kernel toyabelow 0.4 before packing was an appropriate
processing that resulted in good quality produat terms of fungal contamination).
Generally, a variety of fungal survival structufesnidia, sclerotia, chlamydospores and
ascospores) exhibit significant heat resistanceéemiperatures between 55 and 95 °C.
Conidia fromA. niger, A. flavus A. parasiticusand mostlyE. rubrum have been reported
to be extremely resistant to temperatures aroun®GHsee Scholte et al., 2004 for
revision), but these fungi were almost completdiypi@ated from our samples after being
submitted to oven-drying.

5.1.1.3 Differences among nuts

In-shell almonds and chestnuts were both stronghtaominated by fungi commonly
present in the environment, but almonds were soaifly more contaminated with
Aspergillus than chestnuts. The main difference between the mwts in terms of
Aspergillus contamination was the presence of secti@spergillus Flavi and Nigri in
almonds, which were rare or even absent in chest@uie of the possible explanations for
the higher contamination of almonds witkspergillus species is the differences in
environmental conditions under which each typeutfis produced. Almonds are produced
under considerably dryer and warmer conditions thhestnuts, and these conditions
probably makéspergillusmore competitive when facing other fungi.

The differences in intrinsic biological and chenhicharacteristics of both matrices
may also account fokspergillusadvantage in almonds when compared to chestmutisei
presence of competing fungi. As previously referadchonds are extremely rich in protein
and fat, whereas chestnuts are mainly composedatérvand carbohydrates. Sections

Flavi andNigri seem to be well adapted to almonds. This is piglvatated to their ability
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to produce a wide range of hydrolytic proteins sasHipases that confer them advantage
in fat-rich substrates (Mellon et al., 2000; Ywakt 2003; Mellon et al., 2007).

Even thoughAspergilluswere more abundant in the outer shell of almoirdsrnal
contamination was higher in chestnuts. This suggésat, even though almonds are
exposed to higher levels #ipergilluscontamination, spore germination and colonisation
of internal tissues is probably easier in chestnlitss fact is potentially due to the fact that
the shell is thinner and more prone to damage estouts (Wells & Payne, 1975).
Furthermore, they are somewhat more perishablen@®fig& Vercesi, 2003) and are easily
spoiled by insects (Wells & Payne, 1975; Jermiralget2006).

5.1.1.4 Differences among origin

Almonds from Faro were significantly more contani@thwith section€ircumdati
Flavi, Nigri and Flavipedesthan those from Moncorvo. Internal contaminatioithw
Penicillium spp, sectiorAspergillusand sectionFlavi was also significantly higher in
Faro’s almonds. The higher levels of contaminatiothese samples probably have to do
with two main factors. Whereas in Tras-os-Montes @almond culture continues to be a
strong source of local financial income, the almpnatduction in the region of Algarve has
been in great decline for the last decade (INE,5208nd producers do not develop an
intensive production of this culture. This meanattilmonds from Algarve are not
harvested every year or, when they are, they candstained in storage by the producer
for years, depending on the market conditions. mheof old nuts with new ones and the
storage for long periods can be the source of legals of contamination with the most
common storage fungi, likeenicilliumspp. andAspergillusspp.

On the other hand, the environmental conditionseunchich Faro’s almonds were
produced and harvested were more prondgpergillusdevelopment than those from
Moncorvo. In fact, almonds from Faro (2008 cropyevproduced under high drought and
temperature stress, with 4% the usual rainfall arehn temperature 1.7 °C higher, but
harvest was done under high humidity, with Septerhbging 700% more rain than usual.
Even though we did not follow those almonds at gheducer and we do not know the
conditions to which the monitored almonds were sttiechduring storage, we can suppose

that probably the maturation period selected foran@rophilic fungi, but then the drying
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period after harvest was longer than usual, allgWor some of those fungi, namely from
sectiong-lavi andNigri, to more easily establish and develop. Similaragion, even if not

so marked, had been observed between the two medhiyears for Moncorvo’s almonds.

5.1.1.5 Associations among fungi

Associations among fungi were almost always pasitand generally highly
significant, but high levels of association betwdengi were rare. In “unprocessed”
samples, sectioflavi correlated mostly (but only moderately) with seotNigri. This
means that, in general, nuts superficially contateid with representatives of section
Flavi are more likely to be co-contaminated with sectibgri than with any other fungus.
On the other hand, in “processed” almond samplesthiose samples which suffered some
kind of processing that altered the type and leveduperficial contaminatiorRenicillium
spp. contamination highly and significantly corteta with Aspergillusspp. and section
Aspergillus but sectionglavi andNigri associated very poorly with each other.

Numerous studies have been devoted to fungal ssiwveyuts, but few studies have
tested for associations among fungi on individesds or crop parts. Doster et al. (1996)
and Bayman et al. (2002) reported a highly sigarficassociation betweén flavusandA.
niger for Californian figs and for Californian nuts (fashios, almonds, walnuts and Brazil
nuts), respectively. Also, and even though the @ason is not clearly determined, the
majority of studies omspergillussurveys refer to similar numbers or incidencebath
sectiong-lavi andNigri, being that on nuts (King & Schade, 1986; Abdelw@a & Zohri,
1993; Freire et al., 2000; Singh & Shukla, 2008borother foods (e.g. Freire et al., 2000;
Sanchéz-Hervas et al., 2008), which suggests kgt are, in fact, associated to some
degree. This association is probably due to the tfzett sectiond-lavi and Nigri share
common habitats and ecophysiological charactesigitosso & Robinson, 2001; Magan,
2006; Kilich, 2007), so conditions that favour orieh@se fungi probably favour the other.
An alternative explanation given by Bayman et &002) is that infection by one
Aspergillusspecies makes a fruit more susceptible to othgergsli. Results obtained by
Phillips et al. (1979) did not reflect the sameetypf correlation, as they reported that

sectionFlavi was negatively correlated with sectidwigiri andAspergillus
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Doster et al. (1996) and Bayman et al. (2002) tepora negative association
betweenAspergillusspp. andPenicillium spp. Bayman et al. (2002) postulated that there is
probably some degree of antagonism or competitiatusion betweerAspergillusspp.
and Penicillium spp. Our results do not support this theory. Alaostudy on the
antagonistic effect of various fungi agaifstpergillusspp., especially sectioflavi, in
Californian almonds detected that growth of asplergithe presence of penicilli was not
significantly deterred (Phillips et al., 1979). f80{1969) observed that fungi with higher
ay requirements had stronger antagonistic effect éuveitavusthan those fungi usually
associated with dry foods. It is not completely emstibood if competition is due to
antagonistic effects or to the physical and cheh@onaironment. Whatever the case might
be, our results corroborate that perception, ssam@ples with high incidences of field

fungi were less contaminated witispergillusspp. and vice-versa.

5.1.2 Aflatoxigenic fungi

In this section, isolates will be referred toAasflavus A. parasiticusandA. tamarii
lato sensu, based only on their identification ke tphenotypic level in terms of
morphology and aflatoxigenic profile. Identificatido the species level will be considered
later. In our survey, only almonds were contamidatéth AspergillussectionFlavi, so
chestnuts will not herein be considered.

In our surveyA. parasiticuswvas found to be the predominant species, correspgn
to 55.4% of all isolates, followed BY. flavus(36.4%) andA. tamarii (8.2%). Our results
go against the majority of the reports, being traalmonds (Abdel-Gawad & Zohri, 1993;
Bayman et al., 2002) or on other foods (Cotty, 19&tcklow et al., 1998; Klich, 2002b;
Barros et al., 2003, 2005; Batista et al., 2003arwande et al., 2003; Arrus et al, 2005a;
Razzaghi-Abyaneh et al.; 2006; lamanaka et al.728@hnkeng et al., 2008; Nakai et al.,
2008; Sanchez-Hervés et al., 2008), wherdlavusis usually found to be the dominant
species, and. parasiticusA. nomiusandA. tamariiare found only rarely.

In terms of aflatoxigenicity, 65.6% of our isolat@sre found to produce at least one
type of AFs.A. parasiticuswere found to be all aflatoxigenic, whereas oryl2 of the

A. flavusisolates were detected to produce AFs. None oAthlamarii isolates produced
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detectable amounts of AF#&. parasiticusand A. tamarii toxigenic profiles were as
expected, as they are very consistent throughgidne and substrates.

The factors responsible for the toxigenicity pmfibf A. flavus populations in a
region or substrate are not fully understood. Tdwet that low levels of aflatoxigeni&.
flavus were found in almonds, a rich-carbon substratey ipa related to the theory
proposed by Bilgrami et al. (1988) and Horn & Dari(2001), which suggests that AF
production ability and other wild-type charactensA. flavusare lost in nutritionally rich
environments.

Another interesting observation from our study wiaat A. parasiticuswas more
significant in field and storage samples (nearl§o3@hanA. flavusand that, as samples
were submitted to storage, at both producer andegsmrA. flavusbecame progressively
more significant. In processor samples, the fi@gngles taken (late March) had an
incidence of 27 to 42% d&. flavus and two months later that incidence ranged frénbo3
71%. This fact may in part be the result Af flavus being more adapted to the
environmental conditions at the processor's warshoand the almonds’yathan
A. parasiticus Water activities from processor samples were gbweery low (below 0.56
in all samples), but were slightly higher at thel eri the storage period for most of the
samples (increased from 0.43 to 0.53, in averagée warehouse environmental
conditions were not fully and correctly registerédcause of problems with the data
logger installed at the warehouse, but temperatweisg the monitored period (March to
May) were higher than normal, reaching almost 30&@l relative humidity was below
70%. Gongalez et al. (2008) reported thaparasiticuswas more frequent in dry pods of

Brazilian peanuts whereds flavuswas found more frequently in less mature pods.

5.1.3 Aflatoxin extraction and detection

5.1.3.1 Method performance

In the present work, an analytical procedure watetkand in-house validated for the
determination of AFB AFB,, AFG; and AFG in almonds, based on immunoaffinity
column sample cleanup and HPLC coupled with phaogbal derivatisation and
fluorescence detection. The calibration parametersarity) that determine the precision
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of the equipment were satisfactory. Linearity immsidered to be achieved when the
coefficient of determinatiorr?) is> 0.997 (Chan, 2004). In our caséwas slightly below
that level for AFG and AFG (0.991 and 0.993, respectively). LOQ values wei# ,0
0.17, 1.45 and 0.35 pg/kg for AEBAFB,, AFG,; and AFG, respectively. LOQ values
from other reports using methodologies similar tosovary widely. Campone et al. (2009)
and Muscarella et al. (2009) reported LOQ levelshe range of 0.1-0.22, 0.04, 0.2-0.5
and 0.1 pg/kg for the four AFs. Chun et al. (20@ported LOQs of 0.15, 1.40, 1.30 and
2.5 pug/kg. Even if higher than in some other repadOQs obtained in our study were
satisfactory, since they were more sensitive thanspecified limits imposed by European
Regulations (EC, 2010a).

The results of the in-house validation procedumaatestrated the conformity of the
method of AFs analysis in almonds with provisioh&egulation (EC) No. 401/2006 (EC,
2006a). The recommended range for recovery ratéd-00% for AFB and AFG, and
50-120% for AFB and AFG for the AFs concentrations tested. The mean regaates
obtained in our study were 93.7 and 96.8% for AEBr 6 and 2 ug/kg, respectively), 96.4
and 96.9% for AFB (for 1.5 and 0.5 pg/kg, respectively), 86.0 an8.QGor AFG (for 6
and 2 ug/kg, respectively), and 92.9 and 105.6 A&1G, (for 1.5 and 0.5 pg/kg,
respectively). RSPpranged from 0.7 to 11.3%, which also complied wliga recommended
values (which range from 22 to 33%). Similar resdifom both recovery rates and RSD
were obtained by Trucksess et al. (1994). On tlnerohand, Campone et al. (2009)
reported slightly lower recovery rates for simitgniking concentrations, ranging from 84
to 91%. Abdulkadar et al. (2000) tested almondkespwith 10 pg/kg of AFBand AFG
and 2.5 pg/kg of AFBand AFG, and obtained average values ranging from 87 %.95

Under the described conditions, AEB\FB,, AFG; and AFG were resolved with
retention times between 15 and 25 min. Retentimegi can be reduced by increasing the
organic solvent percentage (Campone et al., 2008)ever, when analysing food sample
extracts, it is common to have some level of bamlkgd noise due to co-extractable
materials which usually elute during the first ntswof the run. Therefore, the lower
organic solvent percentage used, even thoughngates the time of run, is advantageous
to allow the separation of the four AFs from theegmtial interfering components. HPLC
chromatograms obtained from the blank and spikatbatl extracts clearly showed that
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there were no interfering peaks in the elution arfethe four AFs, which suggests that the
method employed is adequate and highly selectivAFs.

5.1.3.2 Aflatoxins detection in almond samples

A total of 4.97 pg/kg, corresponding mainly to Af-B/as detected in only one of the
21 (5%) almond samples analysed. No AFGs were @etem any of the samples.
European standards currently set admissible Ideelalmond kernels contamination with
AFB; and total AFs (AFT, sum of BB, G; and G) to 12 ug/kg and 15 pg/kg,
respectively, for kernels that will be further sedted to sorting or physical treatment, or 8
ng/kg and 10 pg/kg, respectively, for kernels idehfor direct consumption (EC, 2010a).
The contaminated sample originated from storageadls, which can be included in the
first group. In either case, contamination was Wetloe current admissible levels. Even if
the more restrictive European legislation from 200 to be considered (EC, 2006b),
where the levels for the first group were set tarlsl 10 pg/kg for AFB and AFT,
respectively, the contaminated sample was belovadnassible levels.

Low levels of AF incidence in almonds had alreadgibreported by others. Schade
et al. (1975) found that only 14% of unsorted ielsmuts from California were
contaminated with AFs, generally at low levels. AbGawad & Zohri (1993) and
Abdulkadar et al. (2000) analysed various nuts etak in Saudi Arabia and Qatar (no
origin reported), respectively, and found that nafethe in-shell and shelled almond
samples were contaminated. AF®5 ng/kg) and AFB (15 ng/kg) were found in one
sample of almonds from Spain by Jiménez & Matedd{200nly traces of AFs were
associated with whole almonds from Morocco (Battalk Logrieco, 2001).

None of the field samples was found to be contatechavith AFs, even though
almonds from Moncorvo were subjected to stressfatditions in both years of field
sampling. The only contaminated sample in our stoolyesponded to in-shell almonds
from the initial period of storage. It would be expable that, throughout this period, levels
of contamination would increase. Saleemullah ef24l06) studied the effect of storage on
the AF contamination of almonds, and detected that level of contamination was

significantly affected by storage duration. In teaidy, contamination of AF-free almonds
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inoculated with aflatoxigenié. flavusincreased to 7.5 pg/kg after 3 months of storagke a
to 12 ug/kg after 18 months, with moisture conteateasing from 2.7% to 41.3%.

In terms of processor samples, we would expectttiede samples would be more
contaminated with AFs than those from field andaje, because of significantly higher
levels of contamination with aflatoxigenic fungiytbno contamination was detected.
Results of a survey on the occurrence of AFs ircgssed (peeled, sliced, diced, and
ground) Italian almonds showed that a negligible gk, if any, was associated with
processed products (principally ground almond; &b & Logrieco, 2001). Opposite
results were found in two surveys on processedfdaia almonds (Schade et al., 1975;
Schatzki, 1996), where AFs were found essentialydaced or ground material. This
finding may be associated with the fact that preedsnuts are considered low-quality
products, since they usually integrate damaged radis\ceither by lack of sorting or to hide
damages.

In this study, & from storage and processor samples was alwaysairaad below
the safety value of 0.7. Aflatoxigenic isolates &vable to persist or even grow but were
not capable of producing AFs (Ggaleni et al., 19%9Tus et al., 2005). Another factor that
might be influencing the amount of AF in our sanspke that simultaneous infection with
other fungi, namelA. niger, Rhizopusspp.,TrichodermaandPenicillium spp., can result
in decreased AF levels (Wicklow et al., 1980; Mist et al., 1988; Nout, 1989; Doster et
al., 1996; Aziz & Shahin, 1997; Bayman et al., 2008 fact, no sectiomigri isolates
were detected in our AF contaminated sample. Furtbee, in samples where AFs were
not detected, all nuts contaminated with seckitaivi isolates were also contaminated with
other fungi, namelyPenicillium spp. and, with the exception of two storage sasiple
sectionNigri.

It has also been shown that non-aflatoxigéhidlavushave an effect of competitive
exclusion towards aflatoxigenic isolates (Cotty &yithan, 1993; Cotty, 1994). Except for
storage samples (including the one contaminatddptlaer samples contaminated with
aflatoxigenic isolates were also contaminated wdhrelevant proportion of non
aflatoxigenicA. flavus Also, a low number (2 isolates) and incidenceo(tw ten nuts) of
AspergillussectionFlavi was detected as superficial contaminant of thecéitaminated
sample, but the only two isolates were identifisdhaparasiticus a strong AFs producer.
Doster et al. (1996) had also reported that afl igntaminated witlA. parasiticugpresent
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in low numbers) were heavily contaminated with A@s 100 pg/kg), whereas figs
contaminated withA. flavus (mainly atoxigenic) were free of AFs. One or dlltbhese

biological factors could have been responsibldHerlow incidence of AFs in our samples.

5.1.4 General quality and safety of Portuguese chestnutad almonds

Our results suggest that chestnuts are superjicgtfongly contaminated with
various fungi but internal contamination is usudliyited to unidentified yeasts and a
reduced number of filamentous fungi which are piddlig toxigenic. In fact,Penicillium
spp., which in our study were strongly associatéti wmternal contamination, have been
widely associated with nuts contamination with salvaypes of mycotoxins (CAST,
2003). Fusarium spp., which are responsible for the productionaofvide range of
mycotoxins (CAST, 2003), have also been determitedoe important in chestnut
contamination. On the other hamspergillusspecies were only found occasionally. There
are few reports on chestnuts contamination with atgsans. Abdel-Gawad & Zohri
(1993) analysed a wide range of mycotoxins in chast strongly contaminated with
Fusarium Penicillium and Aspergillus and detected ARBand AFG. On the other hand,
Overy et al. (2003) detected significant contamaratof Canadian chestnuts with 5
mycotoxins, chaetoglobosins A and C, emodin, ocklratA and penitrem A, associated
with the most prolific penicillia, but no AFs wedetected.

As said, the production of mycotoxins is strongBpdndent on the environmental
conditions under which food products are produced stored. Regional chestnuts are
harvested during the rainy season, which could tedtie development of contaminating
fungi and subsequent mycotoxin production, but @weyimmediately dried in a warm and
aerated warehouse and fumigated. Treated chesdrmitthen stored in 50 kg bags under
controlled atmosphere with low temperature and Hi§ly concentration until they are
further processed or shipped as fresh fruit. Thoesalitions strongly deter fungal growth
and mycotoxin production (e.g. Filtenborg et a002; Giorni et al., 2008), mainly under
high humidity or water activity of the fruit, as ihe case with chestnuts. During
processing, nuts go through various stages of ts@te(both mechanical and human), and
low quality nuts (with visible insect or mould dagea naturally damaged shell, etc) are
segregated and do not integrate final processeatlpts.
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Almonds from all over the world have been strongbgociated with mycotoxigenic
fungi, and especially the highly toxigenic sectiétavi andNigri seem to be well adapted
to this matrix. Also, they have been frequently oassted with AF contamination.
Almonds have not been a frequent subject of sufeeynycotoxins other than AFs, but
Zaied et al. (2010) have searched for OTA in alnsoftdm Tunisian markets and found
contamination with 61 pg/kg, proving that this mag/ a potential risk for almonds, as a
consequence of the strong contamination with sedtiigri. Other mycotoxins produced
by field fungi are probably not an important issu¢his type of nut.

Howerver, almonds originating from Portugal seembw® produced, stored and
processed in such a way that, even though allotiegontamination with those fungi, are
not conducive to strong internal infection and Afhtamination. Thus, it seems that those
conditions are adequate for the production of allsoand by-products, and that there

should not be major worries on the quality andtyadéthose products.
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5.2 Molecular differentiation of aflatoxigenic and non-aflatoxigenic isolates

For the molecular differentiation of aflatoxigerdod non-aflatoxigenic isolates, we
have selected thaflD gene, which is responsible for the conversion afalorinic acid
(NOR) to averantin (AVN) in the middle of the AFosiynthetic pathway (Yu et al.,
2004a), because its expression had been reportesh@sing a high correlation to
aflatoxigenic ability (Scherm et al., 2005). Ta#Q gene was specifically chosen because
it is considered to be the only gene envolved ie fimal step of transforming-
methylsterigmatocystin (OMST) into AREYu et al., 2004a), a crucial step of the AF
pathway that seems to be unique to aflatoxigerecieg (Prieto & Woloshuk, 1997).

The presence of these two genes could not be atedeto AF producing ability: the
genes were detected in all aflatoxigenic isolabes,the same happened for many of the
non-aflatoxigenic isolates. Yin et al. (2009) rdpdrthat 24 of 35A. flavusisolates
containing no detectable AFs had the entire AF gduster, and only eleven atoxigenic
isolates had different deletion patterns in theteu

Since multiplex RT-PCR for the 3 genesibl, aflQ and aflD) revealed some
inconsistency in the amplification patterns, we sghéo testflD andaflQ (maintaining
tubl as internal amplification control in all cases)pession separately. We found
expression o&fID in both aflatoxigenic and non-aflatoxigenic isektand for that reason
we chose not to analyse its expression for allisdéates. RT-PCR foaflQ showed a
confusing, but consistent, band pattern. When usigg primer pair ordl-gF/ord1-gR
proposed by Sherm et al. (2005) for the amplifmatirom RNA, we detected a band
corresponding to the size of the expected amplioafrom DNA (719 bp) in all isolates
and another band corresponding to the expectedifemapbn from RNA (599 bp) in the
toxigenic isolates. To exclude the possibility dfi® contamination of the RNA, we ran a
PCR for the RNA samples and no amplification ocdu@nfirming the efficacy of the
DNase treatment. Furthermore, if any DNA contanmdamatvas to be present, two bands for
thetubl gene would appear at sizes 1406 bp (DNA) and DpOERNA). Only the smaller
band was present, further confirming the puritytted RNA samples. One of the possible
explanations is that the 719 bp band obtained &@iPCR of theaflQ gene may have

resulted from defective splicing of the pre-mRNA lewule during processing (a
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phenomenon known as alternative splicing), resgilimpotential intron retention. Chang
et al. (2010) estimated that 1.6% of tAe flavusgenes are alternatively spliced. The
number is far less than the estimates in highearosgns (e.g. up to 74% for human
genome; Johnson et al., 2003) but close to theeschlthe estimated 4.2% in the
basidiomycetous yea€§iryptococcus neoformar{&alagan et al., 2005b). For instance, it
has been reported that alternative splicing byomtretention is essential for amine-
regulated gene expressionAspergillus oryzaéKubodera et al., 2003). In the hypothesis
of alternative splicing, we can assume that anrénrthe RNA processing of trelQ gene
stopped the production of AFs, and that no alteregbathway existed to conclude the
transformation of OMST into AFB

We detected a fragment correspondingaftQ mRNA (599 bp) in all strong
aflatoxigenic isolates, but not in the non-aflag@nic nor in the weak AFs producers (all
A. flavug. Scherm et al. (2005) were able to detdlE) expression irA. parasiticusstrains
only, and not in any of thd. flavustested, even the aflatoxigenic ones. Our strong
aflatoxigenic isolates, which showed a markatlQ signal, are all classified as
A. parasiticus The fact that we were not able to detaftQ expression in aflatoxigenic
A. flavusis in accordance with those authors. It couldItdsom the fact that they are very
weak AFs producers, and gene expression is nottédteor because of incompatibility of
the primers withA. flavusaflQ mRNA sequence. In fact, Sweeney et al. (2000¢dettis
primer pair for one strain @&. parasiticusonly, but the sequence used for constructing the
primers is reported to be the one correspondinghéA. flavusaflQ DNA sequence
(=ord1, EMBL Accession no. U81806). Primers sequencespegsent in botlA. flavus
aflQ (=ord1; Prieto & Woloshuk, 1997) DNA and cDNA (EMBL Acasn no. U81807)
as well as inA. parasiticusaflQ (=ordA; Yu et al., 1998), so the non-detectionabiQ
expression irA. flavusshould not be the result of lack of complementdrgjiveen mRNA
and primers sequences. However, we could detectak wignal in the weak producer
MUM 10.200, classified a&. flavus

The primer pair ord1-gF/ord1-cR proposed by Degulal. (2007) did not produce
any amplicon. We later came to the knowledge thatgrimers sequences published by
those authors were not correct, which justifiesdbmplete absence of amplification.

In general terms, our results are contradictoryhimse reported by Scherm et al.
(2005). These authors tested 9 structural and Qlatgn genes in 13 lab strains and

227



Chapter 5 Discussion

concluded thaaflD expression had the best correlation between aftgaicity and gene
expression, and thaflQ expression did not show any consistency. Furthezmihey
could not identifyaflQ expression in any of th&. flavusstrains, only in the aflatoxigenic
A. parasiticusstrains. In our study, the analysis of gene exiesunder inductive
conditions showed a good correlation betwa#8@ expression and AF production ability,
but that correlation was not observed for &fi® gene.
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5.3 AspergillussectionFlavi

5.3.1 Identification of Portuguese isolates based on pghasic approach

In the present study, we analysed, characterisddidentified 352 isolates on the
basis of 3 different types of methodologies: i) mbtgpic (morphological and
physiological) analysis; ii) DNA sequence analysisd iii) protein mass spectral analysis
by MALDI-TOF ICMS.

Several morphological features were tested as ifdtiton tools, but only colony
colour on CYA and conidia ornamentation were usegat of the phenotypic scheme of
species identification, because they were the oohes considered significantly
informative. In fact, these features were very @ipat within morphotypes and
phenotypes, and showed to be highly associatedcdaiirmed by Cramer’s test of
association) also with species, after isolates’ntifieation had been confirmed by
molecular and spectral analysis.

Conidia ornamentation associated almost perfeatly @lony colour Cramer’s V=
0.989, P < 0.001): all brown colonies showed cangpisly roughened conidia with thick
walls (A. tamarii morphotype); all (except one) yellow-green colsnghowed smooth
conidia @. flavus morphotype); and all dark-green colonies showaaioconidia A.
parasiticusmorphotype). Based on this almost perfect assoniatve could be lead to the
conclusion that the analysis of both features dsinglant, and that only one of the features
would be enough for morphotype identification. Bhoé fact is that colony colour and
conidia ornamentation are not always easily deteedhi and it is the association between
both features that gives some confidence to thpsageh.

Conidial head seriation has also been referred stoa ahelpful feature for the
differentiation ofA. flavusandA. parasiticus since the first is considered to be uniseriate
and the latter biseriate (Klich, 2002a). But eashblate usually shows both uni- and
biseriate heads (and so they are better classdied'predominantly uniseriate’ or
‘predominantly biseriate’), and both species shaiv and biseriate isolates (Rodrigues et
al., 2009). From our population, only 64 isolatesrevsubmitted to this analysis. From

those, 63% of thd. flavusisolates were predominantly biseriate, wherea$%4bf theA.
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parasiticuswere predominantly uniseriate. These results stimvmoderate association
between conidial head seriation and speci€sarfer's V=0.679, P <0.001), and
consequently the weakness as identification tool.

Kozakiewicz (1989) reported sclerotia productiorbasg a rare characteristic Af
flavus strains only. Furthermore, the size and shapeclefatia have also been used to
characterise and identify new species. Kurtzmaal.gt1987) associated the unique shape
of elongate (undetermined) sclerotia with the sp®@. nomius and Cotty (1989)
distinguished one atypic&. flavusby their small (< 400 um) and numerous sclerddia (
type). This atypicaA. flavushas been raised to species and nafegarvisclerotigenus
(Frisvad et al., 2005). Another species showingrosiclerotia close tAA. flavus A.
minisclerotigeneshas also been recently described (Pildain e2@08). In our survey, we
found all identified species to have both sclerptiaducers and non-producess. flavus
sclerotia were present in 80.7% of the isolatesl, wrre all of the L-type (> 400 pum),
whereas 52.6% of th&. parasiticussolates produced these structures. On the otrat,h
the two unidentified clusters of isolates relatedt parasiticugphenotype#\. parasiticus
[l and 1ll) had near 80% of sclerotia-producerslsdh 34.6% of théA. tamarii isolates
showed rare white sclerotia on CYA plate. Goto let(#996) described the ability to
produce dark brown and pyriform sclerotia Aytamarii isolates cultivated in slants, but
not by isolates cultivated in plate. In our stuslglerotia production was not considered an
informative feature for isolate identification, evet the morphotype level, since the
association between sclerotia production and spewias low Cramer’'s V=0.332,

P < 0.001).

We also tested the ability of 64 isolates to grawda °C in CZ. Kurtzman et al.
(1987) refer that different species show differgnbwth abilities under these culture
conditions. We were not able to establish a relabetween this feature and identified
species.

Morphological characterisation was complemented \lie extrolite profile of the
isolates in order to (potentially) achieve spedientification. Klich (2007) stated that not
all A. flavusisolates produce AFs, and those that do usuathgyme only AFBs (and
CPA), whereas almost all. parasiticusisolates produce both AFBs and AFGs, but not
CPA. Numerous studies have shown that the mycotoxigpotential and profile oA.

flavus is variable. In fact, this species has been fretipedivided into groups
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(chemotypes), depending on their toxigenic profN@amonte et al., 2003; Razzaghi-
Abyaneh et al., 2006; Giorni et al., 2007).

In the present study, isolates belonging toAh#avusmorphotype were divided into
4 phenotypes based on their extrolite profile. Fritnose, 18% did not produce AFs or
CPA under the tested conditions, 54% produced ChR¥ and 26% produced both AFBs
and CPA. Other surveys conducted on peanuts, wisegbeans, maize and peanut-
growing soils showed CPA producers varying from 7#8%9% (Blaney et al., 1989; Horn
et al.,, 1996; Resnik et al., 1996; Vaamonde et 281Q3; Barros et al., 2005). Strains
producing both CPA and AFBs were less frequent timaArgentinean peanuts (63%;
Vaamonde et al., 2003), peanut-growing soils (88#yos et al., 2005) or corn-growing
soils (75%; Razzaghi- Abyaneh et al., 2006), butenfeequent than in other substrates (up
to 15% in soybeans, wheat and maize; Resnik e1306; Vaamonde et al., 2003).

In the molecular analysis, the isolates were duvideto three major clusters,
representing groups of species related.tdlavus A. parasiticusandA. tamarii In theA.
flavus clade, theA. flavus| (non-aflatoxigenic) and\. flavuslil (aflatoxigenic) isolates
clustered with the closely related speci@soryzae A. thomii A. kambarensisA.
fasciculatusandA. subolivaceusindependently of their aflatoxigenic ability. Slamly to
what had been previously reported (Pildain et28l(08), the calmodulin gene was not able
to clearly resolve these species. A distinct saolel related toA. flavus A.
minisclerotigenesand A. parvisclerotigenusvas created with thé. flavus IV (MUM
10.203) isolate and with twa. flavuslll isolates (MUM 10.204 and MUM 10.206). MUM
10.203 differs from the other isolates by its apito produce small amounts of AFGs.

Several atypicalA. flavusstrains have been reported to produce both AFEBs an
AFGs, but, contrary to our isolates, they have bassociated with the production of
microsclerotia (S-type) and usually high levelsAéts (e.g. Saito & Tsuruta, 1993; Cotty
& Cardwell, 1999; Geiser et al., 2000; Vaamondalgt2003; Pildain et al., 2008). These
isolates included atypical S-typA. flavus isolates (namedA. flavus Ss; Cotty &
Cardwell, 1999) as well as isolates later descrédmed. parvisclerotigenugFrisvad et al.,
2005) andA. minisclerotigenegPildain et al., 2008), to which our isolates dmt cluster.
The molecular analysis did not support the clogsestie relation to any of those species. In
respect to MUM 10.204 and MUM 10.206, we should kagise that they were difficult to

characterise, due to inconsistency in their aflg@enxic profile (the production of AFGs
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was dubious after 3 repetitions), and they werey gmesumptively integrated in thé.
flavuslll phenotype.

When analysed by MALDI-TOF ICMS, aA. flavusisolates clustered in a single
clade, regardless of mycotoxigenic pattern. Sogutitk tested conditions, the method was
not able to differentiate aflatoxigenic from nomaébxigenic isolates. Alsdi. oryzaewas
not clearly differentiated from. flavusfrom the spectral points of view. Even thoulgh
oryzae and one non-aflatoxigenié. flavusisolate (MUM 10.202) segregate from the
major cluster ofA. flavusisolates, we cannot undoubtedly state that theystdate
different species. Li et al. (2000) stated theipbib differentiateA. flavusfrom A. oryzae
as well as aflatoxigenic from non-aflatoxigeic flavusstrains, by MALDI-TOF ICMS
based on the analysis of spore mass spectra, buadaw non-informative spectra were
presented. No statistical analysis was performed] rem dendrogram of relatedness was
presented to prove that statement. Furthermoreafth®xigenicA. flavusstrains used in
that study produced both AFBs and AFGs, which, lesady mentioned, is an atypical
feature ofA. flavus In a later study (Lee et al., 2004), some of ¢hag/picalA. flavus
strains were analysed by morphological and molec@éanplified fragment length
polymorphisms, AFLP) analyses and were determiadzeA. parasiticus

Regarding theA. parasiticus morphotype, molecular analysis resulted in the
segregation of the isolates into three differeatlek. Thé\. parasiticusl isolates and the
only A. parasiticuslV isolate analysed (MUM 10.212) were clusteretb ithe same clade
as type-strains foA. parasiticusA. toxicarius A. terricolavar.americanaA. sojaeandA.
parasiticusvar. globosugwith these species being considered synonymadulesast for the
partial calmodulin gene). These results would sagg®at the two phenotypes are in fact
different chemotypes oA. parasiticus Another possibility would be that isolatés
parasiticus IV were A. parasiticus producing AFGs at undetectable levels. To our
knowledge, there are no references Anparasiticusisolates not producing AFGs or
producing them at undetectable levels when AFBs pmogluced in high amount#.
parasiticus isolates are consistently reported as stronglgt@figenic, producing both
AFBs and AFGs, and only few studies have reportag low proportions (3-6%) of non-
aflatoxigenic isolates within the species (Blanéyle 1989; Doster et al., 1996; Horn et
al., 1996; McAlpin et al., 1998; Tran-Dinh et d999; Vaamonde et al., 2003). When the
remainingA. parasiticuslV isolates were analysed by MALDI-TOF, MUM 10.2%&As
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also not differentiated from the typicAl parasiticusisolates (phenotype 1), but all the
other A. parasiticuslV isolates created an independent clade. Thesdtsesuggest that
these isolates might constitute a non-identifiesbtaclosely related té. parasiticus

The isolates corresponding to tAeparasiticusll and A. parasiticuslll phenotypes
consistently formed two well-defined sub-cladeslindata setsA. parasiticusll isolates
produced all AFs, but had the distinctive charastier of producing more AFGs than
AFBs. Besides that, the CPA HPLC chromatogram skhaweoe very distinctive from the
other chromatograms. Alsé,. parasiticuslll isolates were differentiated from typicAl
parasiticusby their clear ability to produce CPA. parasiticusll and A. parasiticuslll
are herein regarded as 2 putative unidentifiediepec

In the A. tamarii morphotype, only one chemotype (represented byishkate
MUM 10.217) was identified corresponding to the eoted extrolite profile. TheA.
tamarii isolates clustered with the tamarii type-strain also in the molecular and spectral
approaches, thus confirming the correct identiiozat

By comparing the phenotypic aggregation of theaited using colony colour on
CYA, conidia ornamentation, CPA production and A#feduction with the molecular
identification achieved by the calmodulin sequeacalysis, we could observe that the two
approaches were in very good agreement. Similaclasions had already been reported
by various authors working with sectiéitavi and with other sections in thspergillus
genus (e.g. Ito et al., 2001; Peterson et al., 28@inson et al., 2004b, 2007; Serra et al.,
2006; Varga et al., 2007a, 2007b; Pildain et &8l0& Zalar et al., 2008).

5.3.2 lIdentification of key taxonomic characters for spes identification

Phenotypic features as markers for species ideatitin

As previously referred, numerous studies have tedospecies identification of
sectionFlavi isolates based on morphological and physiologibakacterisation, but none
has clearly stated the level of accuracy of théutea used. In our study we were able to
determine which phenotypic characteristics wereemeliable for species identification. In
this analysis, colony colour on CYA, conidia ornamation, CPA production, AFBs
production and AFGs production showed high assoaawith species. CPA, AFBs and
AFGs production correlated perfectly or almost gettly and significantly with phenotype,
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meaning that all isolates included in each of thenmtypes showed the same extrolite
profile.

Also, all isolates of each of the phenotypes had Hame type of conidia
ornamentation. Relative to colour on CYA, also uded isolate distribution into
phenotypes, the association with phenotypes wag hgh but not perfect. In fact, there
was one isolate that could not be assigned to pmotype, because it showed smooth
conidia but dark-green colour on CYA. After the rotaxin profile was determined for
that isolate, it was included in the flavusl phenotype. Other features like reverse on
AFPA, fluorescence on CAM and aspergilla head seniashowed to be less reliable as
identification characters, even though they hadhhigvel of association with the
phenotypes. Sclerotia production on CYA was poasgociated with phenotype.

We consider that the determination of a reducedbmurof phenotypic features that
result in reliable species identification is of worajmportance in fungal surveys and
population studies, as well as in those cases whbogatories lack resources to extend the
identification of large numbers of isolates to eotheethods, like molecular or spectral. By
adopting the strategy described in the presentystptenotypic characterisation can
become more reliable and less time consuming.

All isolates were screened for aflatoxigenic apibh CAM. It has been reported that
CAM fluorescence does not always correspond to Afedation by chromatography
(Abarca et al., 1988; Giorni et al., 2007; Schetralg 2005). The most striking example is
given by Abarca et al. (1988), who reported thaetluorescence on CAM was detected
in only 4 out of ten aflatoxigenid. flavusstrains. In our study, presence of fluorescence
on CAM was correlated with AFs production (deteredirby HPLC) at a very high level
(Cramer’'s V=10.988, P < 0.001), since this medium did notdyeny false-positives and
only two false-negatives were detected (percenthggreement 99.4%). These two false-
negatives showed to be weak AFs producers, asndeent by HPLC. Furthermore,
whenever present fluorescence assumed differenticolblue, violet or green.

Isolates producing AFBs only (AFBalso produced a violet fluorescence on CAM;
isolates AFB and AFG generally produced a blue fluorescence, the eimepeing 5 of
the 14 isolates producing AFGs at higher levelsntB&Bs, which produced a green
fluorescence. To our knowledge, this is the fiegpart on the association of different
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fluorescence colour with different aflatoxigeniofiles. These results showed that CAM is

a simple, rapid and reliable method for rapid soieg of aflatoxigenic isolates.

Molecular markers for species identification

Fungal barcoding is being extensively studied amderous reports have been
released on the most appropriate DNA sequences tséd as universal molecular marker
for fungal species identification. ITS has receriBen proposed as the official primary
barcoding marker for fungi (Deliberation of 37 miamists from 12 countries at the
Smithsonian's Conservation and Research Centrat Royal, Virginia, May 2007; see
Bellemain et al., 2010). But the determination afraversal sequence that will serve all
fungi has been contentious. In fact, each genusthasvn specificities, an even within a
genus some difficulties have been reported. FoAgpergillusgenus, DNA sequences like
the calmodulin an@-tubulin genes have been used extensively and ibeae proposed as
more suitable barcodes.

In our study, we used the ITS region and the calrfiedyene to create molecular
dendrograms that could be compared to phenotypit spectral dendrograms. By
comparing all sets of data, we concluded that T rlegion was not a sensitive genetic
marker. Even though only 11 isolates were testethie DNA region, it became clear that
it did not achieve a level of resolution high enloug differentiate very closely related
species, as was the case of our isolates. The dalmayene revealed higher sensitivity,
and the molecular clustering was in agreement théhclustering obtained by the other
techniques. Bearing in mind that our molecular igsigdvere applied to a limited number of
isolates and that it was not our goal to study dding sequences, our results strengthen
the hypothesis that the ITS region is not suitdbfethe identification of closely related
species, and that the calmodulin gene is a be#rdidate for the role ofspergillus
sectionFlavi barcoding.

It was also clear, not only from our molecular tesbut also from results reported
elsewhere (Pildain et al., 2008) that very closelgted species are difficult to discriminate
based on a single DNA sequence. In fact, Samsona&a/ (2009) recommend that, for
species description, at least 2 gene sequencekldhmexamined, using a technique called
Multilocus approach, and various reports have betrased demonstrating the usefulness
of that approach (Ito et al., 2001; Peterson, 2Q008; Pildain et al., 2008)
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MALDI-TOF validation for species identification

Even though major efforts are being put on thebdistament of a fungal genetic
barcode, DNA sequencing is a technique that, almitirate and sensitive (depending on
the sequence to be used), is expensive and tim&uoong. In fact, to achieve a good
guality DNA sequence, a succession of elaboraggssterequired: fungal growth, DNA
extraction, PCR amplification, PCR product purifioa, sequencing and a series of
intermediate agarose gels to confirm the succesadi step. Phenotypic identification is
also extremely time consuming and requires thelsskof a specialised mycologist.
Furthermore, intra-specific variability and intgregific similarity are obvious drawbacks
to an accurate identification.

One of the aims of applying a polyphasic approacbhur isolates was to determine
the level of resolution and reliability of MALDI-TE® ICMS in the identification of very
closely related species @éfspergillussectionFlavi. MALDI-TOF ICMS is an innovative
technique that has been extensively used in baatntification, but has only rarely been
applied to fungal identification. Because the &inees present in a fungal colony are more
diverse and complex than in a bacterial colonyessvreports have been published on
method optimisation. In our study, a minute mixhyfphae and conidia taken from a
colony with 4 to 5 days of growth was used as teaterial; this material was directly
placed on the analysis plate, treated in-situ bgflseconds with a protein extracting
solution, and directly analysed by the equipmehis procedure takes only a few minutes
per sample. Data are then analysed with specifiinfarmatics software for isolate
identification. The major drawbacks of this techuacare the initial cost of the equipment
and the requirement for a specialised analyst &a énalysis, but the advantages over
other methods are striking: after the initial invesnt on the equipment and analyst
training, the cost of each analysis is extremely, l;n terms of both time and money
expended.

Our results clearly demonstrate the utility of ttmethodology for discrimination
between species and strains of fungi, includigpergillus MALDI-TOF MS-based
fingerprinting is an objective and fast analytiocethodology with the potential of strongly
complementing current subjective and time-consurrdegtification techniques, which are
mostly based on morphology and physiology. It igstisuitable for applications which

have particular needs in high-throughput, highlgusate identification, and low sample
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preparation. But results also reflected that thdaiobble mass spectrum and its
reproducibility are essential prerequisites forghecessful classification and identification
of fungal species. Various parameters have beesrtegpto influence mass spectral data,
such as the pre-treatment of the fungal samplewthranedia, washing procedure), the
applied matrix compound and solvent system as asllhe MALDI sample preparation

technique itself.
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As a result of the present study, several conchssa@an be withdrawn. In terms of general
and aflatoxigenic fungal contamination, we can agrsthe following:

- Chestnuts and almonds are different in their istdnbiological, chemical and
physical characteristics and they are produced rumiféerent environmental
conditions. The conjugation of these factors resliin different types of fungi
identified as dominant contaminants. Chestnuts wesee strongly associated with
the so-called field fungi likélternaria, CladosporiumandFusarium and almonds
were predominantly contaminated with the storagegifuAspergillus and

Penicillium

- Fungal contamination of both matrices was fountéqredominantly superficial,
as few fungi were able to effectively transposeghell and infect the kernel. Yet,

kernel contamination of almonds increased signifilgaafter shelling.

- In almonds, fungi evolved from field to processinBotentially toxigenic
Aspergillus belonging to sectiong=lavi and Nigri became generally more
significant and widespread throughout storage andgssing, and were determined

to be moderately associated.

- Numerous isolates belonging to sectitlavi were detected in Portuguese almonds,
and the majority of those isolates was found toafdatoxigenic.A. parasiticus
which is the most aflatoxigenic of the species, whs most significant
contaminant. This fact may constitute a problenterms of food safety if storage

and processing conditions are not effectively culled.

- Portuguese almonds seem to be generally safentstef AF contamination, since
only one storage sample was found to be contanunaitth levels below the limits
imposed by the latest legislation on the matterni@assion Regulation (EU)
No 165/2010).

As is widely recognised, the presence of toxigenmulds in a food product does not
automatically mean the presence of mycotoxins raier that a potential for mycotoxin

contamination exists. On the other hand, the alesearictoxigenic moulds does not
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guarantee that the food is free of mycotoxins, esithe toxins may persist long after the

moulds have disappeared. Knowledge of regionaéudiffces in the toxigenic and genetic

diversity of A. flavus populations as well as knowledge of the associatb these

populations with the dominant culture in a regioaynhelp understand the population

dynamics and also give important information thatld be used in determination of the

most effective control measures for reducing pmed post-harvest AF contamination.

Taking this in consideration, we consider that:

Other surveys spanning different areas and stadepramluction need to be
developed in Portuguese nuts. To our knowledges thithe first study on
contamination of Portuguese almonds and chestnute wspergillus and

aflatoxigenic fungi in particular, and it can oridg regarded as a first contribution

to the knowledge on this matter.

Because they differ in intrinsic features as wallia producing and processing
conditions, almonds and chestnuts need to be a#tteseparately when
considering measures that will allow the controlimfiection by mycotoxigenic

fungi and mycotoxins.

Given the high incidence &fspergillussectiong=lavi andNigri in almonds, toxins
produced by these species, namely AFs and OTA,Idhio&i given particular
attention in other studies of this nature. In thsecof chestnuts, AF contamination
was not studied, but the absence of isolates friteoaigenic species leads to the
conclusion that AFs are probably not the major fgwbin terms of mycotoxin
contamination of this matrix. Considering the mdngal contaminants and the
production conditions, other toxigenic fungi andaotpxins should be given more

emphasis, as is the casd-olsariumspp. and related mycotoxins.

At present, storage and processing conditions ofuBoese almonds seem to be
adequate for the obtention of safe products. D@ryahmonds to @ levels below
0.70 and the removal of nuts with visible damagenfiots entering the processing
stream are important steps towards having goodtgyabducts, even if it results

in extra costs.
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In terms of aflatoxigenic and non-aflatoxigenic l&es differentiation by molecular

methods, this study headed to the following conchs

The presence of two strategic genes of the AF bibgyic pathwayaflD andaflQ,
was not associated with the aflatoxigenic abilityhe isolates. On the other hand,
the analysis of their expression under inducive ddens showed a good
correlation betweemflQ expression and AF production ability, showing ttlas
could be used as a molecular marker for differéingiaaflatoxigenic from non-

aflatoxigenic isolates.

Since theA. flavusisolates used in this part of the study were afi-aflatoxigenic

or produced low levels of AFs, we consider that enigplates from the speciés
flavus which is extremely variable in terms of AF protiog, need to be tested in
order to guarantee the ability aflQ expression to be used as a molecular marker

for this characteristic.

Regarding the identification oAspergillussectionFlavi isolates, the following can be

concluded:

Morphological analysis has shown sensitive ancalédi as a first approach for
species identification only when complemented with mycotoxin profile. The
determination of the level of association betweachephenotypic feature and the
identified species, allowed us to reduce the nunabdeatures to be examined to
those that really played an important role in idfemation, thus simplifying the
classic phenotypic scheme of identification. Splhenotypic characterisation was
extremely time-consuming and not completely strdiggtvard, and subjective
results made accurate identification difficult teaan.

In terms of molecular identification, the calmodujene showed to be more robust
and reliable as genomic marker for this group afgiuthan the ITS region,

providing better DNA barcoding potential. Neverdsd, DNA sequence analysis
was considered, under our laboratory conditionsetconsuming and expensive for
the identification of a high number of isolateseevf only one sequence was

analysed for each isolate.
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Using a single DNA sequence for isolate identifmathas shown to be accurate
but unable to discriminate between isolates belangp sectiorFlavi, since this is

a section composed of numerous very closely relspedies.

MALDI-TOF ICMS results were congruent with those taibhed by classic
phenotypic and molecular approaches, thus confgntims technique as highly
reliable for fungal identification. Furthermore, was considered faster and less
expensive in terms of labour and consumables wlmmpared with the other
techniques employed, which we consider an essectiatlition whenever high

numbers of isolates are involved.

MALDI-TOF MS-based fingerprinting methodology hasréin been demonstrated
to be sensitive and accurate for discriminatioseaxtionFlavi species, and can be
regarded as an objective and fast analytical metlbbgg with the potential of
strongly complementing current subjective and tooasuming identification
techniques. It is thus suitable for applicationsathave particular needs in high-

throughput, highly accurate identification, and lsample preparation.

By applying a polyphasic approach to the identifa@aof sectiorFlavi isolates, we
were able to detect three groups of isolates thanat correspond to any known
species, and the unidentified taxa are herein degbas three potential new species.
It is our conviction that the use of one of thenitfcation approaches alone -
phenotypic, molecular or spectral - would have Ine¢n enough for us to regard
them as potential new species, and we stress #tkfoea polyphasic identification

scheme when dealing with very closely related taxa.

It has been largely mentioned that taxonomic scleofeidentification inAspergillus

section Flavi should be based on polyphasic approaches involvemgpus types of

features. In the present study, a broad type antbeuof characteristics - morphological,

biochemical, molecular and spectral — was analysead large number of isolates. From

those, we could identify key taxonomic characterssthich we propose should integrate

polyphasic schemes of identification in sectidavi:

Morphological: colony colour on CYA and conidia amentation;
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- Metabolic: production of AFBs, AFGs and CPA and responding HPLC
chromatograms;

- Molecular: analysis of the calmodulin gene sequen©a this matter, the
concatenation with other DNA segments like phibulin gene, the ITS region and
others, although not tested in this study, has ldeemonstrated valuable.

- Spectral: mass spectra of intact cells tested ustdedardised conditions.

Since the know-how has been created, the techmdognplemented, and the fungi
gathered in our laboratory, we intend to implem&ntilar taxonomic schemes for other
sections of genulspergilluswith relevance to science and industry, from whlof most
significant is sectiomMigri. For this matter, the near 1,088pergillusisolates collected in

this study will serve as good biological material.

The present work is far from being a finished besg) and a lot of windows have been left

open. Some of the perspectives of future work laeefdllowing:

- For the near future remains the corroboration efttiree unidentified taxa as new
species. On this matter, additional phenotypic ammlecular work specifically

directed to the unidentified isolates is currenthygler development.

- None of the identification schemes used in thisltwas able to differentiate the
speciedA. flavus(potentially aflatoxigenic) and. oryzae(non-aflatoxigenic). This
is a question of major importance, given tAatoryzaeis the most widely used
fungus in the Oriental food industry. For that mgswe intend to deepen this work
with MALDI-TOF ICMS, by analysing moreA. oryzaeisolates under varying

conditions.

- Under the tested conditions, which were intended dpecies identification,
MALDI-TOF ICMS was unable to differentiate betweaflatoxigenic and non-
aflatoxigenic isolates ofA. flavus Yet, aflatoxigenic ability is a phenotypic
characteristic which depends greatly on fungalutaliconditions. It is likely that,
as happens for other methods, the differentiatibraftatoxigenic isolates by
MALDI-TOF ICMS is dependent on the analysis of fungder AF inducive

245



Chapter 6 Conclusions and Perspectives

conditions. For the near future remains the intentof testing isolates under
inductive and non-inducive conditions in order tiedmine the ability of MALDI-

TOF ICMS on this particular issue.

There is still the need for a comprehensive dawlwdsfungal fingerprint mass

spectra to be established in order to achieve maximccuracy of the method.
Also, work is still to be done on the optimisatiand standardisation of analyses.
The high number of well characterised field isddt®@m AspergillussectionFlavi

and other sections can serve as base materiatt@wng these goals;
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Appendix |

Table Al.1 Significance of differences (P-value) for samphkgs’as determined by thieamhane’s T2est.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1. Storage 1 in-shell

2. Storage 2 in-shell  0.5%

3. Storage 3 in-shell  0.0060.000

4. Storage 1 shelled 1.00®.772 0.000

5. Storage 2 shelled 0.7271..000 0.000 0.950

6. Storage 3 shelled  0.002.000 1.000 0.000 0.000

7.C1 0.017 0.000 0.994 0.000 0.000 1.000

8.C2 0.448 0.000 0.001 0.006 0.015 0.049 0.045

9.D1 0.958 0.853 0.999 0.840 0.939 0.998 1.000 1.000

10. D2 0.334 0.000 0.001 0.012 0.000 0.174 0.116 1.000 1.000

11. F1 in-shell 0.011 0.000 1.000 0.000 0.007 1.000 1.000 0.036 1.000 0.499

12. F1 shelled 0.0610.220 1.000 0.050 0.494 1.000 1.000 0.999 1.000 1.000 1.000

13. F2 kernel 0.1700.000 0.001 0.005 0.000 0.379 0.021 0.958 1.000 0.783 0.402 1.000

14. F2 shell 0.921 0.002 0.003 0.022 0.110 0.011 0.101 1.000 1.000 0.996 0.030 0.943 0.180

15. F3 nutmeat 0.0030.000 0.518 0.000 0.002 0.825 0.352 0.005 0.981 0.187 0.310 0.988 0.077 0.008
16. F3 seed coat 0.00%.000 0.000 0.001 0.004 0.000 0.000 0.000 0.494 0.019 0.000 0.140 0.001 0.002 0.000
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Table Al.2 Differences in frequency of fungi in chestnutsfirthe tree or from the ground, as determined bytbiled Fisher’'s exactest.

Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati Flavi Flavipedes Fumigati Nidulantes Nigri Versicolores Wentii

Arv1/07 2 Ch1/07
In-shell - 1.000 1.000 0.494 - - - - - 0.056 - 0.494
Shelled 0.001 1.000 0.361 1.000 - - - - - 0.361 - -
All 0.008 1.000 0.405 1.000 - - - - - 0.018 - 0.497
Arv1/07 2 Ch2/07
In-shell - 0.205 0.056 - - - - - - 0.056 - -
Shelled 0.120 0.758 0.117 1.000 - - - - - 0.117 - -
All 0.114 0.195 0.003 1.000 - - - - - 0.003 - -
Ch1/07 2 Ch2/07
In-shell - 0.139 0.117 0.494 - - - - - - - 0.494
Shelled 0.000 0.758 1.000 - - - - - - 1.000 -
All 0.000 0.143 0.059 0.497 - - - - - 1.000 - 0.497

Values in bold, the frequencies were significarifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtaut (frequency of infection 0% or 100%).
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Table Al.3 Differences in frequency of fungi between in-slagitl shelled nuts, as determined by two-tatsther’'s exactest.

Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati Flavi Flavipedes Fumigati Nidulantes Nigri Versicolores Wentii

Chestnut, field

Arv1/07 0.000 0.003 1.000 1.000 - - - - - 0.714 - -

Ch1/07 0.000 0.006 0.361 0.494 - - - - - 1.000 - 0494

Ch2/07 0.026 0.000 - - - - - - - - - -

All 0.000 0.000 0.411 1.000 - - - - - 1.000 - 0.498
Almond, field

2007 0.000 0.000 0.000 0.000 1.000 0.242 0.494 - - 0.026 0.006 0.242

2008 0.000 0.000 0.000 0.000 0.242 0.000 0.494 - 1.000 0.000 0.242 0.003

All 0.000 0.000 0.000 0.000 0.121 0.000 0.121 - 1.000 0.000 0.000 0.000
Almond, storage

Storage 1  0.001 0.000 0.000 0.000 0.487 0.231 0.487 1.000 - - 0.000 0.006

Storage 2 0.000 0.000 0.000 0.000 0.231 0.008 1.000 - - 0.008 0.000 0.000

Storage 3 0.000 0.000 0.000 0.000 - 0.106 - - - 1.000 0.003 0.000

All 0.000 0.000 0.000 0.000 0.003 0.000 0.015 1.000 1.000 0.000 0.000 0.000
Almond, processor

A - - - - 0.211 0.650 - - - 0.582 1.000 0.023

F - - - - 0.211 0.003 - - - 0.000 0.303 0.001

All - - - - 0.020 0.008 - - - 0.001 0.451 0.000

Values in bold, the frequencies were significarifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtat (frequency of infection 0% or 100%).
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Table Al.4 Differences in frequency of fungi between almoadples collected in 2007 and 2008, as determinetivbytailed Fisher's
exacttest.

Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati Flavi Flavipedes Fumigati Nidulantes Nigri Versicolores Wentii

In-shell - 0.000 0.013 0.358 0.616 0.021 1.000 - 1.000 0.002 0.197 0.118
Shelled 0.823 0.197 - - - - - - - - - -
All 0.842 0.025 0.082 0.404 0.621 0.028 1.000 - 1.000 0.005 0.212 0.132

Values in bold, the frequencies were significadifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtanat (frequency of infection 0% or 100%).

Table AlL.5 Differences in frequency of fungi between almoadd chestnuts (only for 2007 tree collected sampéssdetermined by two-

tailedFisher’'s exactest.
Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati Flavi Flavipedes Fumigati Nidulantes Nigri Versicolores Wentii

In-shell - 0.001 0.000 0.000 1.000 0.242 0.494 - - 1.000 0.006 0.242
Shelled 0.652 0.714 0.117 1.000 - - - - - 0.242 - -
All 0.686 0.039 0.006 0.005 1.000 0.246 0.497 - - 0.792 0.007 0.246

Values in bold, the frequencies were significanifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtat (frequency of infection 0% or 100%).
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Table Al.6 Differences in frequency of fungi between storagmples A and B, as determined by two-talesher’'s exactest.

Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati  Flavi Flavipedes Fumigati Nidulantes Nigri Versicolores Wentii

Al-B1
In-Shell - - - - 0.474 1.000 1.000 - - - 1.000 1.000
Shelled 1.000 1.000 1.000 1.000 - - - 1.000 - - 1.000 0.474
All 1.000 1.000 1.000 1.000 0.487 1.000 1.000 1.000 - - 1.000 0.501
A2-B2
In-Shell - - - - 1.000 -0.070 1.000 - - 1.000 0.303 1.000
Shelled 0.350 0.350 0.303 0.582 - 1.000 - - - - - -
All 0.501 0.501 0.514 0.748 1.000 0.273 1.000 - - 1.000 0.514 1.000
A3-B3
In-Shell - - - - - 0.582 - - - -1.000 0.179 1.000
Shelled 1.000 1.000 1.000 0.628 - - - - - - 1.000 -
All 1.000 1.000 1.000 0.741 - 0.605 - - - 1.000 0.155 1.000
A-B
In-Shell - - - - 0.353 0.771 1.000 - - 1.000 0.084 1.000
Shelled 1.000 1.000 0.779 1.000 - 1.000 - 1.000 - - 0.492 0.492
All 1.000 1.000 0.848 1.000 0.364 1.000 1.000 1.000 - 1.000 0.131 0.701

Values in bold, the frequencies were significanifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtaat (frequency of infection 0% or 100%).
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Table Al.7 Differences in frequency of fungi in almond sansgie@m field until the end of storage, as determlibg two-tailedrisher’'s exact
test.

Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati  Flavi Flavipedes Fumigati Nidulantes  Nigri Versicolores Wentii

Field = Storage 1

In-Shell - - 0.048 0.000 0.639 0.359 0.581 - 1.000 0.000 0.000 0.008

Shelled 0.400 0.517 0.000 0.091 - - - 0.308 1.000 - 0.308 0.091

All 0.333 0.846 0.013 0.000 0.643 0.392 0.586 0.308 1.000 0.000 0.000 0.004
Storage 1> Storage 2

In-Shell - - - - 1.000 0.082 1.000 - - 0.008 0.407 0.320

Shelled 0.341 0.731 1.000 0.661 - 1.000 - 1.000 - - 1.000 0.487

All 0.453 0.453 1.000 0.821 1.000 0.066 1.000 - - 0.012 0.498 0.815
Storage 2> Storage 3

In-Shell - - - - 0.231 0.176 1.000 - - 0.044 0.191 0.731

Shelled 0.748 0.731 0.731 0.716 - 1.000 - - - - 1.000 -

All 0.808 0.815 0.815 0.818 0.241 0.139 1.000 - - 0.057 0.474 0.815
Field = Storage 3

In-Shell - - 0.048 0.000 0.547 0.757 1.000 - 1.000 0.001 0.000 0.001

Shelled 0.098 0.517 0.000 0.000 - - - - - 0.308 -

All 0.147 0.846 0.004 0.000 0.552 0.775 1.000 1.000 0.004 0.000 0.004

Values in bold, the frequencies were significanifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtaat (frequency of infection 0% or 100%).
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Table Al.8 Differences between processor’'s samples A and Betermined by two-taile@isher’s exactest.

Genus Section

Total Penicillium Aspergillus  Aspergillus Circumdati  Flavi Nigri Versicolores Wentii
A in-shell vs A shelled - - - - 0.211 0.650 0.582 1.000 0.023
Ain-shell vs B - - - - 0.582 0.370 0.211 0.001 0.070
A shelled vs B - - - - 1.000 1.000 1.000 0.001 1.000

Values in bold, the frequencies were significanifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtaat (frequency of infection 0% or 100%).

Table Al.9 Differences between samples C and D, as deterrbipédo-tailedFisher’s exactest.

Genus Section

Total Penicillium Aspergillus  Aspergillus Flavi Nigri Versicolores Wentii
ClvsD1 - - - - 0.451 0.127 1.000 0.048
C2vs D2 - - - - 0.041 0.008 0.106 1.000
CvsD - - - - 0.023 0.001 0.568 0.105
ClvsC2 - - - - 0.333 1.000 0.020 0.015
D1vs D2 - - - - 1.000 0.487 1.000 0.000
lvs?2 - - - - 0.453 0.781 0.083 0.000

Values in bold, the frequencies were significanifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtat (frequency of infection 0% or 100%).
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Table Al.10  Differences between different stages of procgssfrsamples F, as determined by two-takésher's exactest.

Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati Flavi Flavipedes Nigri Versicolores Wentii

In-shell F1 vs shelled F1 - - - - 0.211 0.003 0.211  0.000 0.303 0.001
In-shell F1 vs shell F2 - - - - 1.000 - 0.211  1.000 0.370 1.000
In-shell F1 vs kernel F2 - - - - 1.000 1.000 0.095 0.532 0.700 0.017
Shelled F1 vs kernel F2 - - - - 0.140 0.000 1.000 0.000 0.045 0.204
Kernel F2 vs shell F2 - - - - 1.000 1.000 1.000 0.532 0.700 0.045
Kernel F2 vs nutmeat F3 - - 0.487 0.487 0.047 0.000 1.000 0.000 0.001 0.003

Values in bold, the frequencies were significanifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtanat (frequency of infection 0% or 100%).

Table Al.11Differences in frequency of fungi of almonds itet®n to origin, as determined by two-tailEgher’s exactest.

Genus Section
Moncorvo (A3/B3) vs Faro
(F1) TotalPenicillium Aspergillus  AspergillusCircumdati  Flavi Flavipedes  Nigri Versicolores Wentii
In-shell - - - - 0.030 0.000 0.030 0.000 0.709 0.210
Shelled 0.004 0.000 0.001 0.000 - 0.030 - 0.333 1.000 0.333
All 0.011 0.001 0.003 0.002 0.033 0.000 0.033 0.000 1.000 0.261

Values in bold, the frequencies were significadifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtaat (frequency of infection 0% or 100%).
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Table Al.12 Differences in frequency of fungi of almonds betwdield, storage and processor samples, as deedry two-tailed

Fisher's exactest

Genus Section
Total Penicillium Aspergillus  Aspergillus Circumdati Flavi Flavipedes Fumigati Nidulantes Nigri Versicolores Wentii
Field - Storage 1
In-Shell - - 0.048 0.000 0.639 0.359 0.581 - 1.000 0.000 0.000 0.008
Shelled 0.400 0.517 0.000 0.091 - - - 0.308 1.000 - 0.308 0.091
Storage 1> Storage 3
In-Shell - - - - 0.487 1.000 0.487 - - 1.000 0.014 0.748
Shelled 0.752 1.000 1.000 0.235 - - - 1.000 - - 1.000 0.487
Storage 32 D1
In-Shell - - - - - 0.000 - - - 0.000 0.191 0.480
Shelled 0.000 0.000 0.000 0.000 - 0.000 - - - 0.000 0.182 0.000
Field » D1
In-Shell 0.048 0.000 0.547 0.000 1.000 - 1.000 0.001 0.095 0.000
Shelled 0.003 0.000 0.000 0.000 0.000 - - - 0.000 0.002 0.000

Values in bold, the frequencies were significarifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
-, No statistics were computed because data wergtaat (frequency of infection 0% or 100%).
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Table Al.13 Differences in number of isolates A$pergillussectionFlavi between field, storage and
processor samples, as determined by two-tailadn-Whitneytest

Morphotype
Flavi Total A. flavus A. parasiticus A tamarii AF+ A. flavusAF+
Stage of production (Moncorvo, 2008)
Field vs Storage 1 0.109 0.547 0.060 1.000 0.214 0.652
Field vs Processor 0.000 0.000 0.000 0.000 0.000 0.000
Storage 3 vs Processor 0.000 0.000 0.000 0.000 0.000 0.000
Origin (Moncorvo vs Faro)
In-shell 0.000 0.000 0.000 0.000 0.000 0.037
Shelled 0.001 1.000 0.000 1.000 0.000 1.000
All 0.000 0.000 0.000 0.002 0.000 0.000
Type of processing (Faro)
In-shell vs shelled 0.000 0.001 0.000 0.211 0.000 0.474
In-shell vs kernel 0.001 0.068 0.001 0.095 0.003 0.494
In-shell vs shell 0.283 0.846 0.026 0.270 0.089 0.266
Shelled vs kernel 0.000 0.003 0.004 1.000 0.000 0.064
Shelled vs nutmeat 0.008 1.000 0.008 1.000 0.008 1.000
Shelled vs seed coat 0.181 1.000 0.031 1.000 0.031 1.000
kernel vs nutmeat 0.000 0.000 0.000 1.000 0.000 0.008
nutmeat vs seed coat 0.231 1.000 1.000 1.000 1.000 1.000

Values in bold, the frequencies were significanifferent between samples, P < 0.05
Values not in bold, the frequencies were not sigaiftly different between samples, P > 0.05
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Appendix Il
Table All.1 List of AspergillussectionFlavi isolates
Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG; AFB; AFB; CPA Phenotype Species
on CYA25* on CYA25° on CYA25 on CZ4Z onAFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +
Molecular +
MALDI-TOF)
Controls
MUM92.01 > 400 b/u smooth 1.8 orange yellow-greenviolet - - - +/- + A. flavus
MUM92.02 > 400 u rough n.d. orange dark-green blue + + + + - A. parasiticus
05UAsBro1
(MUM 10.220) > 400 b smooth n.d. orange yellow-green - - - - - - A. flavus
01UAs55 b smooth n.d. orange yellow-green - - - - - - A. flavus
NRRL427 n.d. thick/rough n.d. brown brown - - - - - + A. tamarii
NRRL429 n.d. thick/rough n.d. brown brown - - - - - + A. tamarii
NRRL3353 n.d. rough n.d. cream dark-green blue ++ +++ + ++ - A. nomius
NRRL13137 n.d. rough n.d. cream dark-green blue ++ +++ + ++ - A. nomius
Field strains
07AAsp05 Moncorvo > 400 b/u rough 14 orange dadeg blue + + +/- + - A. parasiticud A. parasiticus
07AAsp37 Moncorvo - b/u smooth 14 orange yellow-green violet - - + + + + A. flavuslil A. flavus
(MUM 10.200)
07AAsp43 Moncorvo - u/b rough 15 orange dark-green blue + + +/- + - A. parasiticud A. parasiticus
MUM 10.201)
08AAsp34 Moncorvo > 400 u rough 0.8 orange dark-green blue + +++ + ++ - A. parasiticud A. parasiticus
08AAsp35 Moncorvo > 400 b smooth 2.7 orange yellow-green - - - - - - A. flavusl A. flavus
(MUM 10.202)
08AAsp36 Moncorvo > 400 u/b rough 0.5 orange dark-green blue + +++ + ++ - A. parasiticud A. parasiticus
(MUM 10.225)
08AAsp37 Moncorvo > 400 b smooth 2 orange yellow-green - - +/- - +/- + A. flavuslvV A. flavus
(MUM 10.203)
08AAsp38 Moncorvo - u rough 1.3 orange dark-green blue + +++ + ++ - A. parasiticud A. parasiticus
08AAsp39 Moncorvo - rough 2.2 orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
08AAsp41 Moncorvo > 400 smooth 2 orange yellow-green - - +/- - +/- + A. flavuslvV A. flavus

(continues)
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG; AFB, AFB; CPA Phenotype Species

on CYA25* on CYA25° on CYA25 on CZ4Z on AFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

08AAsp42 Moncorvo - b smooth 2.5 orange yellow-green violet - - +/- + + A. flavuslil A. flavus
(MUM 10.204)
08AAsp43 Moncorvo - b smooth 2.1 orange yellow-green - - - - - + A. flavusl A. flavus
08AAsp66 Moncorvo > 400 u/b rough 0.5 orange dark-green blue + +++ + ++ - A. parasiticud A. parasiticus
08AAsp67 Moncorvo > 400 b/u rough 2.2 orange dark-green green ++ ++ + + (?) A parasiticudl Newsp.1
(MUM 10.205)
08AAsp68 Moncorvo - u rough 2.6 orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
08AAsp72 Moncorvo - u rough 2.7 orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
08AAsp76 Moncorvo > 400 b/u smooth 15 orange yellow-green - - - - - + A. flavusl A. flavus
08AAsp77 Moncorvo - b smooth 2.9 orange yellow-green - - - - - + A. flavusl A. flavus
08AAsp83 Moncorvo > 400 u rough 1.6 orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
08AAsp101 Moncorvo - u/b rough 1.6 orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
08AAsp103 Moncorvo - u rough 1.7 orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
08AAsp105 Moncorvo > 400 b/u smooth 3 orange yellow-green - - - - - A. flavusl A. flavus
08AAsp106 Moncorvo > 400 b/u smooth 3 orange yellow-green - - - - - + A. flavusl A. flavus
08AAsp108 Moncorvo - u rough 2.8 orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
08AAsp109 Moncorvo > 400 b smooth 2.7 orange yellow-green - - - - - + A. flavusll A. flavus
08AAspl110 Moncorvo > 400 u/b rough 1.7 orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
08AAsplll Moncorvo - b/u rough 3.1 orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
08AAspl112 Moncorvo > 400 u/b smooth 2.6 orange yellow-green - - - - - + A. flavusl A. flavus
08AAsp113 Moncorvo > 400 u/b smooth 2.9 orange yellow-green - - - - - + A. flavusl A. flavus
08AAspl115 Moncorvo > 400 b smooth 2 orange yellow-green - - - - - + A. flavusl A. flavus
08AAspl16 Moncorvo - b smooth 2 orange yellow-green violet - - +/- + + A. flavuslil A. flavus
(MUM 10.206)
08AAsp117 Moncorvo > 400 u rough 18 orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
08AAsp119 Moncorvo - b thick/rough n.d. brown brown - - - - - + A. tamarii A. tamarii
08AAsp158 Moncorvo - u/b rough 2.3 orange dark-green blue - - ++ +++ - A. parasiticudV  New sp. 3
08AAsp159 Moncorvo - b smooth 2 orange yellow-green violet - - +/- + + A. flavuslil A. flavus
08AAspl76 Moncorvo > 400 b thick/rough n.d. brown brown - - - - - + A. tamarii A. tamarii
08AAspl177 Moncorvo > 400 u rough n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus

(continues)
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Table All.1 (continued)
Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG; AFG; AFB. AFB; CPA Phenotype Species

on CYA25® on CYA25" on CYA25 on CZ4Z onAFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

08AAspl178 Moncorvo > 400 u/b rough n.d. orange dark-green blue + +++ + ++ - A. parasiticud  A. parasiticus
08AAsp179 Moncorvo > 400 b slightly rough n.d. orange yellow-green  violet - - +/- +++ + A. flavuslil A. flavus
(MUM 10.207)
08AAsp180 Moncorvo > 400 b/u rough n.d. orange dark-green blue +++ +++ ++ +++ - A. parasiticud  A. parasiticus
08AAsp181 Moncorvo > 400 b/u rough n.d. orange dark-green blue +++ +++ ++ +++ - A. parasiticud  A. parasiticus
08AAsp182 Moncorvo > 400 b/u rough n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud  A. parasiticus
08AAsp183 Moncorvo > 400 u rough n.d. orange dark-green blue ++ +++ ++ +++ + A. parasiticudll  New sp. 2
(MUM 10.208)
08AAsp184 Moncorvo > 400 b rough n.d. orange dark-green blue +++ +++ ++ +++ - A. parasiticud  A. parasiticus
08AAsp185 Moncorvo > 400 b rough n.d. orange dark-green blue +++ +++ + +++ - A. parasiticud  A. parasiticus
08AAsp223 Moncorvo > 400 u/b rough n.d. orange dark-green blue +++ +++ ++ +++ - A. parasiticud  A. parasiticus
08AAsp224 Moncorvo > 400 u/b rough n.d. orange dark-green blue +++ +++ ++ +++ - A. parasiticud  A. parasiticus
08AAsp225 Moncorvo - b/u smooth n.d. orange yellow-green  violet - - ++  +t+t + A. flavuslil A. flavus
(MUM 10.209)
08AAsp226 Moncorvo > 400 u/b rough n.d. orange dark-green blue +++ +++ + +++ - A. parasiticud  A. parasiticus
08AAsp252 Moncorvo - b/u rough n.d. cream dark-green blue +++ +++ ++ +++ - A. parasiticud  A. parasiticus
(MUM 10.210)
08AAsp253 Moncorvo - u/b rough n.d. orange dark-green blue +++ +++ ++ +++ - A. parasiticud  A. parasiticus
08AAsp273 Moncorvo > 400 u/b rough n.d. orange dark-green blue ++ +++ + ++ - A. parasiticud  A. parasiticus
09AAsp01 Moncorvo - u/b rough n.d. orange dark-green blue ++ +++ + ++ - A. parasiticud A, parasiticus
09AAsp02 Moncorvo - u/b rough n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud  A. parasiticus
09AAsp03 Moncorvo - b smooth n.d. orange yellow-green violet - - - ++ o+ A. flavuslil A. flavus
09AAsp04 Moncorvo - u/b rough n.d. orange dark-green blue ++ + +++ ++ - A. parasiticud  A. parasiticus
09AAsp05 Moncorvo > 400 b smooth n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp06 Moncorvo > 400 u/b rough n.d. orange dark-green blue ++ + +++ ++ - A. parasiticud  A. parasiticus
09AAsp07 Moncorvo - u/b rough n.d. orange dark-green blue ++ +++ ++ ++ + - A. parasiticud  A. parasiticus
09AAsp08 Moncorvo > 400 b smooth n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp26 Moncorvo > 400 u/b rough n.d. orange dark-green blue ++ + +++ ++ - A. parasiticud  A. parasiticus
09AAsp68 Moncorvo > 400 u/b rough n.d. orange dark-green blue ++ +++ ++ - A. parasiticud  A. parasiticus
09AAsp69 Moncorvo - u rough n.d. orange dark-green blue ++ + +++ ++ - A. parasiticud  A. parasiticus
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG; AFB, AFB; CPA Phenotype Species

on CYA25* on CYA25° on CYA25 on CZ4Z on AFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp70 Moncorvo > 400 u/b rough n.d. orange dark-green blue ++ + +++ ++ - A. parasiticud A. parasiticus
09AAspl117 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue ++ ++ ++ ++ - A. parasiticud A. parasiticus
09AAsp118 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ ++ ++ ++ - A. parasiticud A. parasiticus
09AAsp119 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + +++ + ++ - A. parasiticud A. parasiticus
09AAsp120 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp140 Moncorvo - n.d. n.d. n.d. orange dark-green blue ++ +++ ++ ++ + - A. parasiticud A. parasiticus
09AAspl141 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp142 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp143 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green violet - - -/+ + + + A. flavuslil A. flavus
09AAsp144 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp145 Moncorvo - n.d. n.d. n.d. orange dark-green blue + ++ +/- + - A. parasiticud A. parasiticus
09AAsp146 Moncorvo > 400 n.d. rough n.d. cream dark-green blue + ++ +/- + ) (? A parasiticudl Newsp.1
(MUM 10.211)
09AAsp147 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp148 Moncorvo n.d. n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp149 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ S - A. parasiticud A. parasiticus
09AAsp150 Moncorvo - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp151 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp152 Moncorvo > 400 n.d. rough n.d. orange dark-green green ++ ++ + + ?) ( A. parasiticudl  New sp. 1
(MUM 10.221)
09AAsp153 Moncorvo n.d. n.d. n.d. n.d. cream dark-green blue + ++ + + (7 A. parasiticudl  New sp. 1
(MUM 10.243)
09AAsp154 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ + 4+ - A. parasiticud A. parasiticus
09AAsp155 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp156 Faro - n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp157 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp185 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp186 Faro n.d. n.d. n.d. n.d. orange dark-green blue + +++ -+ o+ - A. parasiticud A. parasiticus
09AAsp187 Faro n.d. n.d. rough n.d. orange dark-green violet +/- /- + ++ ++ - A. parasiticud A. parasiticus

(MUM 10.212)
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG, AFB; AFB; CPA Phenotype Species

on CYA25* on CYA25° on CYA25 on CZ4Z onAFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp188 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud A. parasiticus
09AAsp189 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green  violet - - ++ +H+ o+ A. flavuslil A. flavus
09AAsp190 Faro - n.d. n.d. n.d. orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
09AAsp191 Faro - n.d. n.d. n.d. orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
09AAsp192 Faro - n.d. n.d. n.d. orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
09AAsp193 Moncorvo - n.d. n.d. n.d. orange darlegre blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp194 Faro - n.d. n.d. n.d. orange dark-green lue b + ++ + ++ - A. parasiticud A. parasiticus
09AAsp195 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp196 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green  violet - - + ++ o+ A. flavuslil A. flavus
09AAsp197 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp198 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp199 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp200 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp201 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ +  ++ (@) A. parasiticudl  New sp. 1
(MUM 10.222)
09AAsp202 Moncorvo - n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp203 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green violet - - + ++ 4+ A. flavuslil A. flavus
09AAsp204 Moncorvo > 400 n.d. n.d. n.d. cream dark-green blue + ++ + (?) A. parasiticudl  New sp. 1
09AAsp205 Faro n.d. n.d. smooth n.d. orange degleryr - n.d. n.d n.d. n.d. - n.d. A. parasiticus
09AAsp206 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ ++ - A. parasiticud A. parasiticus
09AAsp207 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - + +++  + A. flavuslil A. flavus
09AAsp208 Moncorvo - n.d. n.d. n.d. orange darlegre blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp209 Faro > 400 n.d. n.d. n.d. orange dark-green blue +/- ++ -+ + - A. parasiticud A. parasiticus
09AAsp210 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ +  ++ - A. parasiticud A. parasiticus
09AAsp211 Faro - n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud A. parasiticus
09AAsp212 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp213 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp214 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp215 Faro > 400 n.d. n.d. n.d. orange dark-green blue + +++ + o+t - A. parasiticud A. parasiticus
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG; AFB, AFB; CPA Phenotype Species

on CYA25* on CYA25° on CYA25 on CZ4Z on AFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp216 Moncorvo - n.d. thick/rough n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp217 Moncorvo - n.d. thick/rough n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp218 Moncorvo - n.d. thick/rough n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp219 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp220 Moncorvo - n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp221 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp222 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp223 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp224 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp225 Faro n.d. n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud A. parasiticus
09AAsp226 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusl A. flavus
09AAsp227 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusl A. flavus
09AAsp228 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp229 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp230 Moncorvo > 400 n.d. rough n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp231 Faro - n.d. n.d. n.d. orange dark-green blue ++ +++ ++ ++ + - A. parasiticud A. parasiticus
09AAsp232 Faro n.d. n.d. rough n.d. orange dark-green violet - - + +++ - A. parasiticusV  New sp. 3
09AAsp233 Faro - n.d. n.d. n.d. orange dark-green blue ++ ++ + ?) ( A. parasiticudl  New sp. 1
(MUM 10.244)
09AAsp234 Faro n.d. n.d. n.d. n.d. orange dark-green blue + ++ +- o+ - A. parasiticud A. parasiticus
09AAsp235 Faro - n.d. n.d. n.d. orange dark-green violet - - ++ +++ - A. parasiticudV  New sp. 3
(MUM 10.224)
09AAsp236 Moncorvo - n.d. rough n.d. orange dadegr blue + + + + - A. parasiticud A. parasiticus
09AAsp237 Faro - n.d. n.d. n.d. orange dark-green lue b ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp238 Moncorvo > 400 n.d. rough n.d. orange k-dmeen blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp239 Faro - n.d. n.d. n.d. orange dark-green green ++ ++ o+ + (@) A. parasiticudl  New sp. 1
(MUM 10.245)
09AAsp240 Moncorvo n.d. n.d. rough n.d. cream dark-green blue +/- ++ /- + ++ - A. parasiticud A. parasiticus
(MUM 10.213)
09AAsp241 Moncorvo > 400 n.d. rough n.d. orange dark-green violet - - + ++ - A. parasiticudV  New sp. 3
09AAsp242 Faro > 400 n.d. n.d. n.d. orange dark-green blue + +++ ++ +++ - A. parasiticud A. parasiticus
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG, AFB; AFB; CPA Phenotype Species

on CYA25* on CYA25° on CYA25 on CZ4Z onAFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp243 Faro > 400 n.d. n.d. n.d. orange dark-green blue +++ + ++ - A. parasiticud A. parasiticus
09AAsp244 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
09AAsp245 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp246 Faro n.d. n.d. n.d. n.d. orange dark-green violet - - + ++ - A. parasiticusV  New sp. 3
09AAsp247 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp248 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp249 Moncorvo - n.d. rough n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp250 Moncorvo > 400 n.d. rough n.d. orange dark-green blue + ++ + 4+ - A. parasiticud A. parasiticus
09AAsp251 Faro - n.d. n.d. n.d. orange dark-green lue b ++ + ++ - A. parasiticud A. parasiticus
09AAsp252 Moncorvo - n.d. rough n.d. orange dasegr blue ++ + ++ - A. parasiticud A. parasiticus
09AAsp253 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp254 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp255 Faro - n.d. n.d. n.d. orange dark-green lue b ++ + ++ - A. parasiticud A. parasiticus
09AAsp256 Moncorvo > 400 n.d. smooth n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp257 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp258 Faro - n.d. n.d. n.d. brown brown - - - - + A. tamarii A. tamarii
09AAsp259 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - -/+ + + + A. flavuslil A. flavus
09AAsp260 Faro > 400 n.d. rough n.d. orange dark-green green ++ ++ + + ?) ( A. parasiticudl  New sp. 1
(MUM 10.214)
09AAsp261 Faro > 400 n.d. n.d. n.d. orange dark-green green ++ +++ +/- +  (? A. parasiticudl  New sp. 1
(MUM 10.246)
09AAsp262 Moncorvo n.d. n.d. n.d. n.d. orange dasden blue +++ + ++ - A. parasiticud A. parasiticus
09AAsSp263 Faro - n.d. n.d. n.d. orange dark-green ioletv - + +++ - A. parasiticudV  New sp. 3
09AAsp264 Moncorvo > 400 n.d. n.d. n.d. orange dpden blue ++ + ++ - A. parasiticud A. parasiticus
09AAsp265 Faro n.d. n.d. n.d. n.d. orange dark-green blue +/- ++ I+ - + - A. parasiticud A. parasiticus
09AAsp266 Faro n.d. n.d. rough n.d. cream dark-green blue +/- ++ + + +++ - A. parasiticud A. parasiticus
(MUM 10.215)
09AAsp267 Faro - n.d. n.d. n.d. orange dark-green blue +/- ++ -+ - A. parasiticud A. parasiticus
09AAsSp268 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsSp269 Faro n.d. n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG; AFG; AFB, AFB; CPA Phenotype Species

on CYA25® on CYA25" on CYA25 on CZ4Z onAFPA  on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp270 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp271 Moncorvo - n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp272 Moncorvo - n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp273 Moncorvo - n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp274 Moncorvo - n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp275 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud  A. parasiticus
09AAsp276 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp277 Faro - n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp278 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusll A. flavus
09AAsp279 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusl A. flavus
09AAsp280 Faro - n.d. n.d. n.d. brown brown-green - - - - - + A. tamarii A. tamarii
09AAsp281 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud  A. parasiticus
09AAsp287 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp288 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud  A. parasiticus
09AAsp289 Moncorvo > 400 n.d. rough n.d. orange dark-green blue + +++ + ++ - A. parasiticud  A. parasiticus
09AAsp290 Moncorvo > 400 n.d. smooth n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp291 Moncorvo - n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud  A. parasiticus
09AAsp292 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud  A. parasiticus
09AAsp297 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud  A. parasiticus
09AAsp298 Moncorvo > 400 n.d. rough n.d. orange dark-green blue -+ +++ -/+ + (?) A parasiticudl New sp. 1
(MUM 10.223)
09AAsp299 Moncorvo > 400 n.d. rough n.d. orange dark-green blue + ++ -/+ -/+ (?) A parasiticudl New sp. 1
(MUM 10.247)
09AAsp300 Moncorvo > 400 n.d. smooth n.d. orange yellow-green - - - - - A. flavusll A. flavus
09AAsp301 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - + + + A. flavuslll A. flavus
09AAsp302 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp303 Faro - n.d. n.d. n.d. orange dark-green blue + +++ + ++ - A. parasiticud  A. parasiticus
09AAsp304 Moncorvo > 400 n.d. rough n.d. orange dark-green yellow +/- + + ++ - A. parasiticud  A. parasiticus

(MUM 10.216)

(continues)

298



Appendices

Table All.1 (continued)

Code Origin Sclerotia  Seriation Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG; AFB; AFB; CPA Phenotype Species

on CYA25* on CYA25° on CYA25 on CZ4ZX onAFPA  on CYA25 on CAM on YES' on YES on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp305 Faro > 400 n.d. rough n.d. orange dark-green blue + ++ + ++ + A parasiticudll  New sp. 2
(MUM 10.248)
09AAsp306 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue -/+ ++ ++ +++ - A. parasiticud A. parasiticus
09AAsp307 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp308 Moncorvo > 400 n.d. smooth n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp309 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ +/- + - A. parasiticud A. parasiticus
09AAsp310 Moncorvo > 400 n.d. smooth n.d. orange yellow-green violet - - +/- + + A. flavuslll A. flavus
09AAsp311 Moncorvo > 400 n.d. smooth n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp312 Moncorvo > 400 n.d. smooth n.d. orange yellow-green violet - - + + + + A. flavuslil A. flavus
09AAsp313 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - - +- o+ A. flavuslll A. flavus
09AAsp314 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - +/- ++ + A. flavuslil A. flavus
09AAsp315 Moncorvo > 400 n.d. smooth n.d. orange yellow-green  violet - - ++ o+t + A. flavuslll A. flavus
09AAsp316 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ + + - A. parasiticud A. parasiticus
09AAsp317 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp318 Faro > 400 n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud A. parasiticus
09AAsp319 Faro - n.d. n.d. n.d. orange dark-green - - - - - + A. flavusll A. flavus
09AAsp320 Moncorvo - n.d. n.d. n.d. orange yellowen - - - - - + A. flavusll A. flavus
09AAsp321 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - + ++ o+ A. flavuslll A. flavus
09AAsp322 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp323 Faro n.d. n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp324 Faro - n.d. n.d. n.d. orange dark-green violet - - +/- + + n.d A. flavus
09AAsp325 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp326 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp327 Moncorvo > 400 n.d. smooth n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp328 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp329 Moncorvo > 400 n.d. smooth n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp330 Faro > 400 n.d. n.d. n.d. orange dark-green blue + +++ +/- ++ - A. parasiticud A. parasiticus
09AAsp331 Moncorvo - n.d. rough n.d. orange dasegr blue + + + + - A. parasiticud A. parasiticus
09AAsp332 Faro > 400 n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud A. parasiticus
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG; AFG; AFB, AFB; CPA Phenotype Species

on CYA25® on CYA25" on CYA25 on CZ4Z on AFPA on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp333 Faro > 400 n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud A. parasiticus
09AAsp334 Faro > 400 n.d. n.d. n.d. orange dark-green blue +++ + ++ - A. parasiticud A. parasiticus
09AAsp335 Moncorvo - n.d. n.d. n.d. orange darlegre blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp336 Faro n.d. n.d. n.d. n.d. orange dark-green blue + + + + - A. parasiticud A. parasiticus
09AAsp337 Faro - n.d. n.d. n.d. orange dark-green blue ++ +++ ++ ++ + - A. parasiticud A. parasiticus
09AAsp338 Faro > 400 n.d. n.d. n.d. orange dark-green blue + +++ + o+t - A. parasiticud A. parasiticus
09AAsp339 Moncorvo - n.d. n.d. n.d. orange dark-green blue ++ +++ ++ ++ + - A. parasiticud A. parasiticus
09AAsp340 Moncorvo - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp341 Moncorvo n.d. n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp342 Faro + n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp343 Moncorvo n.d. n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp349 Moncorvo > 400 n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp378 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp379 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green violet - - + +++  + A. flavuslll A. flavus
09AAsp380 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp381 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusl A. flavus
09AAsp382 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusl A. flavus
09AAsp383 Faro n.d. n.d. n.d. n.d. orange dark-green blue +/- ++ I+ - + - A. parasiticud A. parasiticus
09AAsp384 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ + 4+ - A. parasiticud A. parasiticus
09AAsp385 Faro - n.d. n.d. n.d. orange yellow-green violet - - -+ o+ + A. flavuslil A. flavus
09AAsp386 Faro > 400 n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp387 Faro > 400 n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp388 Faro - n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp389 Moncorvo - n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp390 Moncorvo - n.d. thick/rough  n.d. cream/orange brown - - - - - + A. tamarii A. tamarii
09AAsp391 Faro - n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp392 Faro - n.d. thick/rough  n.d. brown brown - - - - - A. tamarii A. tamarii
(MUM 10.217)
09AAsp393 Moncorvo - n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG, AFB; AFB; CPA Phenotype Species
on CYA25® on CYA25" on CYA25 on CZ4ZX onAFPA  on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +
Molecular +
MALDI-TOF)
09AAsp394 Moncorvo > 400 n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp395 Moncorvo > 400 n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp396 Moncorvo - n.d. n.d. n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp397 Moncorvo - n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp398 Faro - n.d. n.d. n.d. orange dark-green lue b ++ ++ ++ ++ - A. parasiticud A. parasiticus
09AAsp399 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue -[+ + -/+ ++ - A. parasiticud A. parasiticus
09AAsp400 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - + ++ 4+ A. flavuslil A. flavus
09AAsp401 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp402 Moncorvo - n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp403 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp404 Moncorvo - n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp405 Faro - n.d. n.d. n.d. orange dark-green lue b + ++ + ++ - A. parasiticud A. parasiticus
09AAsp406 Moncorvo - n.d. n.d. n.d. orange darlegre blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp407 Faro - n.d. n.d. n.d. orange dark-green lue b ++ ++ ++ ++ - A. parasiticud A. parasiticus
09AAsp408 Moncorvo > 400 n.d. n.d. n.d. orange oyelgreen  violet - - -/+ + + A. flavuslll A. flavus
09AAsp409 Faro - n.d. n.d. n.d. orange dark-green lue b ++ ++ + ++ - A. parasiticud A. parasiticus
09AAsp410 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp411 Moncorvo - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp412 Faro > 400 n.d. n.d. n.d. orange darkrgre  blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp413 Moncorvo n.d. n.d. n.d. n.d. orange dark-green blue + ++ + + + - A. parasiticud A. parasiticus
09AAsp414 Moncorvo - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp415 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - - A. flavusl A. flavus
09AAsp416 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp417 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue +/- ++ -[+ ++ - A. parasiticud A. parasiticus
09AAsp418 Moncorvo > 400 n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp419 Faro > 400 n.d. n.d. n.d. orange yellow-green  violet - - + + + A. flavuslil A. flavus
09AAsp420 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusl A. flavus
09AAsp421 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusl A. flavus

(continues)

301



Appendices

Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG; AFG; AFB, AFB; CPA Phenotype Species

on CYA25® on CYA25" on CYA25 on CZ4Z onAFPA  on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp422 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp423 Moncorvo - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp424 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp425 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp426 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ ++ ++ ++ - A. parasiticud A. parasiticus
09AAsp427 Moncorvo > 400 n.d. n.d. n.d. orange dark-green blue -+ ++ -/+ ++ - A. parasiticud A. parasiticus
09AAsp428 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusll A. flavus
09AAsp429 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - A. flavusll A. flavus
09AAsp473 Faro > 400 n.d. n.d. n.d. orange dark-green blue +/- + +/- + - A. parasiticud A. parasiticus
09AAsp474 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp475 Faro - n.d. n.d. n.d. orange dark-green blue ++ ++ + ++ - A. parasiticud A. parasiticus
09AAsp476 Faro - n.d. n.d. n.d. orange dark-green blue ++ ++ + ++ - A. parasiticud A. parasiticus
09AAsp477 Faro - n.d. n.d. n.d. orange dark-green blue + ++ ++ ++ o+ A. parasiticudll  New sp. 2
(MUM 10.249)
09AAsp478  Faro > 400 n.d. n.d. n.d. orange yellow-green  violet - - + + + A. flavuslil A. flavus
(MUM 10.218)
09AAsp479 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ ++ ++ - A. parasiticud A. parasiticus
09AAsp480 Faro > 400 n.d. n.d. n.d. orange yellow-green violet - - + + + A. flavuslll A. flavus
09AAsp481 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp482 Faro > 400 n.d. n.d. n.d. orange yellow-green  violet - - + ++ o+ A. flavuslll A. flavus
09AAsp483 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ ++ + ++ - A. parasiticud A. parasiticus
09AAsp484 Faro - n.d. thick/rough  n.d. brown brown - - - - - + A. tamarii A. tamarii
09AAsp485 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp486 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp487 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ -+ -1+ (?) A. parasiticudl  New sp. 1
(MUM 10.250)
09AAsp488  Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ ++ ++ + A. parasiticudll  New sp. 2
(MUM 10.251)
09AAsp489 Faro - n.d. n.d. n.d. orange dark-green blue ++ ++ + ++ - A. parasiticud A, parasiticus
09AAsp490 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ ++ + ++ - A. parasiticud A, parasiticus

(continues)

302



Appendices

Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG, AFB; Phenotype Species

on CYA25® on CYA25" on CYA25 on CZ4ZX onAFPA  on CYA25 on CAM on YES' on YES' on YES' on YES (Phenotypic +

Molecular +
MALDI-TOF)

09AAsp491 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusll A. flavus
09AAsp492 Faro > 400 n.d. n.d. n.d. orange yellow-green  violet - - ++ A. flavuslil A. flavus
09AAsp493 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp494  Faro > 400 n.d. rough n.d. orange dark-green blue +/- ++ ++ A. parasiticudll  New sp. 2
(MUM 10.219)
09AAsp495 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp496 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp497 Faro - n.d. n.d. n.d. brown brown - - - A. tamarii A. tamarii
09AAsp498 Faro > 400 n.d. n.d. n.d. orange dark-green blue + ++ ++ A. parasiticud A. parasiticus
09AAsp515 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusll A. flavus
09AAsp516 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusll A. flavus
09AAsp517 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp518 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green  violet - - ++ A. flavuslil A. flavus
09AAsp519 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp520 Faro - n.d. n.d. n.d. orange dark-green blue + ++ ++ A. parasiticud A. parasiticus
09AAsp521 Faro - n.d. n.d. n.d. orange yellow-green violet - - + + A. flavuslil A. flavus
09AAsp522 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusll A. flavus
09AAsp523 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp524 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp525 Faro - n.d. n.d. n.d. orange yellow-green  violet - - + + A. flavuslil A. flavus
09AAsp526 Moncorvo > 400 n.d. n.d. n.d. orange oyelgreen - - - A. flavusll A. flavus
09AAsp527 Faro - n.d. n.d. n.d. brown brown - - - A. tamarii A. tamarii
09AAsp528 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp529 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ +++ +++ A. parasiticud A. parasiticus
09AAsp530 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - A. flavusl A. flavus
09AAsp531 Faro - n.d. n.d. n.d. orange dark-green blue + ++ ++ A. parasiticud A. parasiticus
09AAsp532 Faro > 400 n.d. n.d. n.d. orange dark-green blue + +++ ++ A. parasiticud A. parasiticus
09AAsp533 Moncorvo - n.d. n.d. n.d. orange darlegre blue ++ ++ A. parasiticud A. parasiticus
09AAsp534 Faro n.d. n.d. n.d. n.d. orange dark-green blue + +++ ++ A. parasiticud A. parasiticus
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Table All.1 (continued)

Code Origin Sclerotia  Seriation  Conidia Diameter Reverse Colony colour Fluorescence AFG, AFG, AFB; AFB; CPA Phenotype Species
on CYA25® on CYA25" on CYA25 on CZ4ZX onAFPA  on CYA25 on CAM on YES' on YES' on YES' on YES' on CYA® (Phenotypic +
Molecular +
MALDI-TOF)
09AAsp537 Faro - n.d. n.d. n.d. orange dark-green blue +/- ++ -+ ++ - A. parasiticud A. parasiticus
09AAsp538 Faro > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusl A. flavus
09AAsp539 Faro n.d. n.d. n.d. n.d. orange dark-green violet - - + ++ - A. parasiticusdV  New sp. 3
09AAsp540 Moncorvo - n.d. n.d. n.d. orange yellow-green  violet - - -+ ++ + A. flavuslll A. flavus
09AAsp541 Moncorvo > 400 n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp542 Moncorvo n.d. n.d. n.d. n.d. orange yellow-green - - - - - + A. flavusll A. flavus
09AAsp543 Moncorvo n.d. n.d. n.d. n.d. orange yellow-green - - - - - A. flavusll A. flavus
09AAsp544 Faro n.d. n.d. n.d. n.d. orange dark-green blue ++ ++ - A. parasiticud A. parasiticus
09AAsp545 Faro n.d. n.d. n.d. n.d. orange dark-green blue ++ + ++ - A. parasiticud A. parasiticus
09AAsp546 Moncorvo - n.d. n.d. n.d. orange darlegre blue +/- ++ -I+ + - A. parasiticud A. parasiticus
09AAsp547 Faro > 400 n.d. n.d. n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp548 Faro n.d. n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp549 Faro n.d. n.d. n.d. n.d. orange dark-green blue ++ +++ ++ +++ - A. parasiticud A. parasiticus
09AAsp550 Faro - n.d. n.d. n.d. orange dark-green blue + ++ + ++ - A. parasiticud A. parasiticus
09AAsp551 Faro > 400 n.d. n.d. n.d. orange dark-green blue +/- ++ -+ + - A. parasiticud A. parasiticus

- not detected
n.d.: not determined

#size, in um: average of 15 sclerotia

P u: uniseriate; b: biseriate; u/b: predominantliseriate; b/u: predominantly biseriate

“average of 3 colonies, in cm

9 ++: strong signal; +: medium signal; +/-: weaknsilj -/+: very weak signal

€ (?) difficult to determine
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Figure Alll.1 Phylogram of evolutionary relationships of 25 takhe evolutionary history was

inferred using the Neighbor-Joining method. The tbiwap consensus tree
inferred from 1000 replicates is taken to represkatevolutionary history of
the taxa analysed. Branches corresponding to ipagiteproduced in less than
50% bootstrap replicates are collapsed. The pexgendf replicate trees in
which the associated taxa clustered together in kbetstrap test (1000
replicates) are shown next to the branches. The ifedrawn to scale, with
branch lengths in the same units as those of tbkigwnary distances used to
infer the phylogenetic tree. The evolutionary dists were computed using the
Maximum Composite Likelihood method and are in tinés of the number of
base substitutions per site. The rate variationrgnsites was modeled with a
gamma distribution (shape parameter = 1). Codontipos included were
1st+2nd+3rd+Noncoding. All positions containinggalinent gaps and missing
data were eliminated only in pairwise sequence e@oispns (Pairwise deletion
option). There were a total of 730 positions in fimal dataset. Phylogenetic
analyses were conducted in MEGAA4.
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Figure Alll.2 Evolutionary relationships of 25 taxa. The evolnéioy history was inferred

using the Maximum Parsimony method. The consensesitiferred from 4938
most parsimonious trees is shown. Branches comeipg to partitions
reproduced in less than 50% trees are collapsed. cbmsistency index is
0.960000 (0.922222), the retention index is 0.96428.964286), and the
composite index is 0.925714 (0.889286) for allssaad parsimony-informative
sites (in parentheses). The percentage of parsousnirees in which the
associated taxelustered together are shown next to the brandrfres MP tree
was obtained using the Close-Neighbor-Interchatgmrithm with search level
4 in which the initial trees were obtained with taedom addition of sequences
(10 replicates). The codon positions included weser2nd+3rd+Noncoding.
All alignment gaps were treated as missing datardiwere a total of 730
positions in the final dataset, out of which 70 evgrarsimony informative.
Phylogenetic analyses were conducted in MEGA4.
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Figure Alll.3 Phylogram of relatedness obtained by Maximum lified analysis using
PAUPA4.0.
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