UNIVERSITE CATTOLICA DEL SACRO CUORE
Sede di Piacenza

Scuola di Dottorato per il Sistema Agro -alimentare

Doctoral School on the Agro -Food System

cycle XXIV

S.S.D. AGR12/AGR13

ATOXIGENIC ASPERGILLUS FLAVUSISOLATES
as CANDIDATE BIOCONTROL AGENT S in MAIZE

Candidate: Mauro Antonio
Matr. n.: 3710430

Academic Year 2010/2011



UNIVERSITA CATTOLICA DEL SACRO CUORE
Sede di Piacenza

Scuola di Dottorato per il Sistema Agro-alimentare

Doctoral School on the Agro-Food System

cycle XXIV
S.S.D. AGR12/AGR13

ATOXIGENIC ASPERGILLUS FLAVUSISOLATES
as CANDIDATE BIOCONTROL AG ENTS in MAIZE

Candidate: Mauro Antonio

Matr. n.: 3710430

Coordinator: Ch.mo Prof. Romeo ASTORRI

Supervisor: Prof. Peter ] COTTY
Tutor: Ch. ma Prof. Paola BATTILANI
Ch.mo Prof. Amedeo PIETRI

Academic Year 2010/2011



alla mia famiglia



Acknowledgment

| would like to thank all people who helped and inspired me during my doctoral study.
First and foremost | would likeo offer my utmost gratitude to Profesdeeter J Cotty for his
supervision, advice, and guidance from the very early sthties research as well as giving me
extraordinary experiences through out the work. Above all and the most needed, he provided me
unflinching encouragement and support in various waye. simply | could not wish for a better

or friendlier supervisor.am indebted to him more than he knows.

| gratefully acknowledge my tuteiProfessor Paola Battilani and Professor Amedeo Huatri
their advices, supervision, and crucial contributiodiring the whole period of my researahd

for give me the opportuty to explorethe Wild West.

| am very thankful td’rofessoiSofiaNoemiChulze and Dr. Michelina Ruocdor thesis review

andusefulcommentgo improve it

| am much indebtetb Dr. Ramon Jaim&arciafor his valuable advice in statistical analysed

Mexican foodandDr. Kenneth Callicotfor helpin molecular analyses.

It is a pleasure to convey my gratitude to Dr. Paola Giorni to spend her precious time to correct
the thesis

Also | will never forget the amazing members of the CottyOs grouphalvatimmensely
contributed to my personal and professional time at Tuddany thanks go to Claudia, Dane,

Alejandro, Nicholas, Hillary, Lisa, Cathy, Gadlr Peg, Fabiola, Taiwo, Stevefasiaand Edgar
I would also like to thank Dragos for the constancouragement and precious advice.

| did not forget you, Gatyl am grateful foffantasticemotions andime spehwith Britt and you
My deepestHANK YOU!



Contents

Chapter 1 DMaize and Aspergillusflavus 1
1. Maize 2
1.1 Botanical description 2
1.2 Life cycle 3
1.3 The seed 4
1.4 Maize in the World 5
1.5AspergillussectionFlavi 6
1.6 Aspergillusflavus 8
1.6.1Biological factors 9
1.6.2Physicalfactors 11
1.6.3Chemical factors 12
1.6.4 Vegetative Compatibility Goups (VCGS) 13
1.7 Aflatoxins and their toxicity 15
1.8 Aflatoxin biosynthesis and pathway gene cluster 18
1.9Aflatoxins legislation 21
1.10 Preventive actions to reduce aflatoxsicontamination 25
1.10.1 Stopping the infection process 25
1.10.2 Preharvest crop management practices 27
1.10.3 Postharvest management strategies 29
1.11 Aim of the work 31
1.12 Literature cited 32
Chapter 2 - Structure analysis of anAspergilus flavus kernels population in 46
northern Italy
2.1 Introduction 48
2.2 Materials and Methods 49
2.2.1 Fungal isolates and culture conditions 49
2.2.2 Aflatoxins quantification 50
2.2.3 Vegetative Compatibility Groups 50
2.2.4 Diversity index 51
2.2.5 DNA extraction, primer sequences and polymerase chain reaction 52
2.3 Results 52
2.3.1 Aflatoxins production andnit mutants 52
2.3.2 Vegetative Compatibility Groups 53
2.3.4 Diversity index 53
2.3.5 Aflatoxin biosynthesis genes 54
2.4 Discussin 55
2.5 Literature cited 58
2.6 Figures and tables 62
Chapter 3 - Selection of Italian endemic atoxigeni@spergillusflavusisolates for 67
biocontrol of aflatoxins producer strains on maize
3.1 Introduction 69
3.2 Materials and methods 70
3.21 Fungal isolates and culture conditions 70
3.2.2 Cainfection of viable corn kernels with atoxigenic and toxigenic isolates 71
of A. flavus
3.2.3 Aflatoxins quantification 72

3.2.4 Statistical analyses 72



3.3 Results
3.3.1 Efficacy of Italian atoxgenic isolates
3.3.2 Behaviours of two Italian atoxigenic isolates
3.3.3 Influences of the ratio of atoxigenic strain to aflatoxin producer on
contamination
3.4 Discussion
3.5 Literature cited
3.6 Figures and tables

Chapter 4 BBiocontrol field trials to evaluate the efficiency of selected biocontrol
agents

4.1 Introduction

4.2 Materials and Methods
4.2.1 Isolates of. flavus
4.2.2 Inoculum preparation
4.2.3Field study experimental design
4.2.4Evaluation of European corn borer Ostrinia nubilalis)
4.2 .5Aflatoxin quantification

4.3 Consideration

4.4 Literature cited

Chapter 5BOral communication

Chapter 6 BGeneral conclusions
!

73
73
73
74

74
77
80

84

85
86
86
86
87
87
88
88
89

91

93



CHAPTER 1

Maize and Aspergillusflavus



1. Maize

Maize ¢Zea mayd..) was unknown in Europe until Cristoforo Colombo brought it
from America. In particular, the oldest maize plant was found in Mexico and the name means
literally Othat which sustains lifeO. Besides for humans and animals nowadays maize is alsc

used to ppduce starch, oil, alcoholic beverages and food sweeteners.

1.1 Botanical description

Maize (commonly called corn) is an annual plant that belongs to the family of Poaceae

(formerly known as Gramineae) (Table 1).

Table 1. Systematics of maize

Kingdom Plantae

Order Poales

Family Poaceae (Gramineae)
Subfamily Panicoideae

Tribe Andropogoneae
Genus Zea

Species Z. mays

Corn isatall-growing plant with a single stalk, usually ttliree meters highbut can
vary from one to six meters. It can haargywhere between eight to fortyght leaves. Each
corn plant contains both female (ear) and male (tassel) reproductive organs located in separat:
places (Fig. 1a and 1b). After crgssllination, seeds develop in the ears/cobs, often one on
each stalk (. 1c). Colour (red, black, white or yellow), number of rows (12 to 16) and
weight of kernels can also differ (FAO, 199Zhe root system consists of a single primary
root, a variable number of seminal roots and shoot borne roots that are formed aitn@nsec
shoot nodes (Fig. 1d).



Fig. 1.Structure of maize: a) ear; b) tassel; c) stalk; d) roots.

1.2 Life cycle

The development of maize can be divided into two physiological staggstative
and reproductiveThe Leaf Collar Methodletermines specific stages in corn by counting the
number of leaves on a plant with visible leaf colldisis methodsubdivides the vegetative
stage (V) into V1, V2, V3, through V (n) where (n) represent the final number of leaves
(usually 1623) beforevegetative tasseling. The first atitk last V stages are abbreviated as
VE (vegetative emergence) and VT (vegetative tasseling). The (n) will fluctuate with corn
variety and environmental conditions. The reproductive stage concerns the development of
seed and is designated with R1 through R6 (Ritchie et al., 1993).

The general description of vegetative and reproductive stages is shoailen?.

Table 2.Vegetative and reproductive stages in maize

Stage Features

VE Emergence. The coleoptile emerdesn the soil surface

Vi First leaf. The collar of the first leaf is visible

V2 Second leaf. The collar of the second leaf is visible

V3 Third leaf. The collar of the third leaf is visible

V (n) Nth leaf. The collar of the leaf number 'n' is visible.

VT Tasseling. The last branch of the tassel is completely visible

RO Anthesis or male flowering. Pollen shed begins

R1 Silking. Silks are visible

R2 Blister. Kernels are filled with clear fluid and the embryo can be seen

R3 Milk. Kernels are filledwith a white, milky fluid

R4 Dough. Kernels are filled with a white paste. The embryo is about half as wide as the ke
R5 Den. If the genotype is a dent type, the grains are dented. The 'milk line' is close to the k
R6 Physiological maturity. Graimoisture is usually about 35%




1.3The seed

Maize produces one seeded fruit, which is a caryopsis, but commonly called kernel. A
mature kernel has three major parts: pericarp/ hull, endosperm (nutriment storage organ), anc
embryo or germ. The pericarp is a thin layer of maternal tissue that entlesastire seed.

The endosperm or food storage organ consists primarily of starch, which is digested into
sugar upon germination and growth. The embryo or germ containofrtbst fas, vitamins,

and minerals. A thin layer of tissue (aleurone) covergtiosperm (Fig.)2

Fig. 2. Seed structure in maize: a) silk scar; b) pericarp; c) aleurone; d) endosperm; e) scutellum; f)
glandular layer of scutellum; g) coleoptile; h) plumule with stem and leaves; i) first internode; j)
lateral seminaroot; k) scutellar node; I) primary root; m) coleorhiza; n) basal conducting cells of
endosperm; 0) brown abscission layer; and p) pedicel or flower stalk. Adapted from Coe (2001).

Two major structures of the seed, i.e. endosperm and embryo, constitute
approximately 8% and 10% of the mature seed dry weight, respectively (Table 3). The
mature seed is composed oP@ 1o 73% starch, which is principally stored in the endosperm,
12% to 13% protein and% to 5% oil. Proteins and oil are 18% and 30% in the rgmb
respectively (Hasjim et al., 2009).



Table 3. Main parts of a seed

Structure Weight distribution (%)
Endosperm 80-85
Embryo 1012
Pericarp 5-6
Aleurone 2-3

1.4Maize in the World

Maize can grown in temperate, subtropical and tropical regions,58pi in Canada
to 35j S in South Americdt is produced from sea level up to terraced plots 3960 m high in
the Andean mountain of South America. It cannot however be grown aboveedhiadréne
(Bradburn et aJ 1993).High adaptation to growth in diverse climates, numerous uses and
genetic improvement has contributed to the dispersal of maize worldsfigetively, corn
representhe most produced crop in the world, with about 81lfians of tons in 2009 (Table
4) (FAO, 2009).

Table 4.First 10 countries producer of maize in the world (millions of tons) (FAO, 2009)

Country 2007 2008 2009 World production (%)
Argentina 21,8 22,0 13,1 1,6
Brazil 52,1 58,9 51,2 6,3
Canada 11,6 10,6 9,6 1,2
China 152,4 166,0 163,1 20,0
EU 48,9 62,9 57,8 7,1
India 19,0 19,7 17,3 2,1
Indonesia 13,3 16,3 17,6 2,2
Mexico 23,5 24,3 20,2 2,5
South Africa 7,1 12,7 12,1 1,5
USA 331,2 307,1 333,0 40,8
World 789,5 826,2 817,1

Symbol (*) represents %f year 2009.



Moreover, maize is a very important crop in Italy where almmé million hais
dedicated to this cereal with @oduction of about 8.5 million of tonhe growing area
represents almost tH&% of the available agricultural area in the eratAround 90% of the
area dedicated to maize cultivation is located principally in northern Italy. Most of the yearly
production (86%) is destined to animal feed and the rest to human food (5%) and starch
production (9%]Istat, 2011)

Several mycotoxigenic fungi can infect maize and their presence is strictly related to
meteorological conditions in the growing area. In particutars important cereais
susceptible to a range of differerffusaria, including Fusarium graminearum, F.
verticillioides and F. moniliformeas well as byAspergillus ochraceuand A. flavus These
pathogens are able to produce different $ype toxins dangerous for both humans and
animals. EspeciallA. flavus can produce the most toxic naturally occurricgrcinogens
known (CAST, 2003).

1.5 AspergillussectionFlavi

The Aspergillusconidiophore consists of an elongated stalk or stipe culminating in an
expanded bulbous region variously called the columella or vesicle on which are borne one or
two layers of cells that generate the asexual spores or conidia. The base of the corithophor
OTO or OLO shaped and is called the foot cell, even though it is not a separate cell. The foot |
is a diagnostic feature of tiespergillusconidiophorgScheidegger and Payne, 2003)

Antonio Micheli (16791736) described for the first time the gemspergillusin his
publication,Novaplantarum published in 1729. The name originated from the similarity of
fungus conidisphore to the aspergillum, a liturgical brush used to sprinkle holy water
(Bennett, 2009). More than 200 species, which repradbgemaking asexual spores, have
been assignetb this genus(Amaike and Keller,2011; Bennett, 200R These species are
principally common in tropical, subtropical and warm clima8sheidegger and Payne,
2003) but were also isolates in Antarctic solMdrcantini et al., 2004) and in the Mir
spacecraft (Novikova, 2004)biquitous is the key to describe the widely distribution of these
fungi (Bennett, 2009).

Among the numerous knowspecies A. parasiticus and A. flavus are the most
relevant insafety issue becausee pathogenic fohumansand produce the most strong

natural carcinogenic knaw toxins: the aflatoxins AFs) (Bennett, 2009). Different ail



containing cropsre infected by thegmtent toxingroducersAlthoughthese two speciese
closely relatedwith 96% of identical genetic sequencé€ary and Ehrlich, 2006)A.
parasiticusis common particularly on peanwtsile A. flavusrepresent the principally source
of contaminations on maize (Horn and Dorner, 1998).

Researchers haveequently failed to distinguish between the two spebig macro and
micro differences can be observed between th&nparasiticus grown on Czapex agar
medium appear darken green contrayflavusis yellow to dark yellowiskgreen Micro
observation showed conidial head An parasiticusis usually uniseriate (Fig. :B) and
biseriate inA. flavus Probably, onidial wall ornamentatiortould be the bestliagnostic
character for separation of these two species. ConidiaoWAll flavusis finely to moderately
roughenedFig. 3F) Conidia ofA. parasiticusare more spherical and noticeably echinulate or
spinulose (Fig. 3Q. Scanning Electron Micoroscopynicrographs clearly show these
ornamentation differences

A. parasiticus A. flavus

Fig. 3.A. parasiticusconidiospere (A), uniseriate conidia (B) and conidia ornamentatiorA(@avus
conidiospore (D), biseriate conidia and conidia ornamentationAER, D, E from deHoog et al.
(2000) and C, F frorRRodrigues et al2007).



1.6 Aspergillusflavus

A. flavuswas described by Link in 1809 and belongs to sedilani (Peterson, 2008).
Only recently the teleomorph form have been described and classifieetrammycedlavus
(Horn et al., 2009).

Member of this species can differ for several characteristics such as sclerotia size and
type of secondary metabolites produced, in particular mycotoxins. Sclerotia size divided the
strains in L, which produce fewer and larger sclerotia (> 400 mm in déaneetd S, which
produce numerous small sclerotia (< 400 mm in diameter) (Cotty, 1989). Moreover the S
strains are characterizéy a higher production ddiflatoxins AFs) compare to the L strains.

In contrast some L strain isolatadesignated atoxigenicompletely missing the ability to
produce AFs (Cotty, 1989).

The infection cycle ofA. flavus (Fig. 49 on maize is well described. Briefly, the

infection start with the dissemination and germination of conidia produced by the fungus

present in the soil wdre lives as a saprophyte (Payne, 1998; Scheidegger and Payne, 2003).
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Fig. 4 The infection cycle oA. flavuson cotton, corn and peanuts (Scheidegger and Payne, 2003)



Primary infection is due to the conidia that carried by insect, wind or rain arritiee
corn silks were the fungus starte colonize their tissue. After sikthe fungus can colonize
the glumesgtarting fromthe milk stage), the kerreeand, infrequently, the cob (Marsh and
Payne, 1984; Widstrom, 1996). Favorable environmental itonsl or tissue wounds
operated by insect, that may promote the infection of the seeds and cobs, are responsible o
the secondary inoculum (Scheidegger and Payne, 2003y &ilt kerned surface are
colonized early after silking stage and can continuwkiaorease during the growing season.

A. flavus colonization is principally located on the surface respect to the inside of kernel
(Marsh and Payne, 1984The minimummoisture requested for kernel infectiand AFs
productionis around 30% and 15%speadtely (Payne, 1998).

In the life cycle ofA. flavus saprophytic growth represent an important aspect for the
persistence of the fungus in the soil. In fact plant tissue like kernels, cobs or leaf contaminated
by A. flavusduring maize growing can remain in the soil and keep the fungus until the next
season when conidia arise from the mycelium or sclerotia produce the primary inoculum for a
new infection cycle (Scheidegger and Payne, 2003).

How A. flavus can penetrate in ¢hkernels is still not completely understood. It has
been proposed that similar to other fungi édlsflavuscan entry through the stylar canal. This
could be supported by the presence of {gteenish yellow fluorescence found near the silk
scar of infeted kernels. BUA. flavushas been also found in the pedicel region of the seed.
The twowaysfrom which the fungus can enter in maize methiasit can havedlifferent sites

of entry influencedy environmental conditions and genotype of the maize (Pago8).

Presence ofA. flavus species and itgapacity to produce mycotoxins on maize in
influenced by several factors that can be divided in biological, physical and chemical
(DOMello and Macdonald, 1997ihe VCGs)

1.6.1Biological factors

Influence of 13 cohabiting fungi on AFs produced and growthA.dfavuson maize
kernels was evaluated (Choudhary, 1992). All fungi tested agAintavus were able to
reduce AFB from 34 to 100%. Inhibitions in radial growth éf flavus by F. moniliforme
(59%), Trichodermaviride (72%) andRhizopusnigricans (42%) may be correlated to the

percent inhibition of AFs production. Wit niger, Cladosporiumherbarum F. oxysporum



andA. candidusinhibition in radial growth was 63%, 33%, 30% and 26%, respectively, while
percent reduction in AFs was 88%, 68%, 52% and 43%, respectively (Choudhary, 1992).

F. verticillioidescan compete witt. flavusfor the resources on the corn ear; years
with temperate weather can promdte verticillioidesinfection contrary high temperature and
drought stress suppoA. flavus In fact, years in which AFs contamination is a serious
problem are characterized as having abawerage temperatures and belaverage ainfall
(Payne, 1998).

Although F. verticillioides does not share the same infection sitéh w. flavus they
appearto compete on the corn ear, interfering with infection and AFs accumulation in the
kernels (Wicklow et al., 1988) Also a negative correlation between the presence of the two
fungi was found (Hill et al., 1985) and earsinoculated withA. flavusandF. vertcillioides
showed a reduction in tmimber ofkernels infeadby A. flavus(Zummo and Scott, 1992).

Woundsare not necessary for AFs formation but incidenceAoflavus and AFs
contamination were higher in damaged kernels (Diener et al., 1987). Pldaicages are
principally due to invertebrate activity, farm equipment, birds and environmental factors
(Bradburn et al., 1993). Insect damage activity on the kernels affords tiavus the
opportunity to cross the natural protection of the integumethtdatermine the infection in
the vulnerable interior (Lillehoj et al., 1980). Moreover wounds of insects can promote the
kernels drying at level of moisture that more conducivefor A. flavus growth and AFs
production (Widstrom, 1979).

A. flavus infection of corn grain may be linked to the development of the second
generation of European corn boré&(B; Ostrinia nubilalis) in fact insect development
period match with the period during maize kernels are susceptithestdungusinfection
(Guthrie et al., 1982)Although insects take on an important role in the epidemiologg.of
flavus(Diener et al., 1987), the fungus is also capable to infect developing kernels undamaged
(Jones et al., 1980).

How insects contribute in the irfigon of kernels can be summarize in four points
(Payne, 1998):

1. transport primary inoculum to the ears;

2. move inoculum from the silks into the ear;
3. disseminate inoculum within the ear;
4

. facilitate colonization and infection of the kernels by injuring theddst.



Contribute of insects to each processes depend on environmental conditions and
insects population. In factA. flavus with favorable conditions became more aggressive
infecting kernels without insect injury. Contragnder unfavorable conditions thbsence of

insect damages reduces the kernels colonizatigh tigvus(Payne, 1998).

1.6.2Physical factors

Several physical factor are involved spergillus spp. crops contamination. In
particular temperature anslater activity &,) are the principal factors which affect growth
and AFs productiofPayne 1998).

AlthoughA. flavusis adapted to live in a wide range of temperature included between
12 to 48iC(Klich et al., 1994) the optimum for fungl growth is comprise between 19 and
35;C (Northdt and \an Egnond, 1981).

About AFs they may be produced in a range from 24 to 3Ri@tkolt et al., 1977)
but other studies reported a range of38QC (Reiss, 1975However Kheiralla et al. (1992)
and Sanchis and Magan (2004) reported that 30 and 28jC are the optimum temperatures fol
toxin production. Differently Giorni et al. (2007) analyzing an lItalfarflavus population
found 25;C the optimal temperature for ARsoduction. However no growth or AFs
synthesis is observed at 5;iC (Park and Bullerman, 1983).

Time of incubation ofA. flavus on a substrate can influence the amount of AFs
produced. In fact Kheiralla et al. (1992) obtained the highest concentration of AFs at 30;C
after 14 days of incubation but after this period the concentration decreased probably as
consequence of toxin deglaion or readsorption by the fungus.

Production of AFs in the field seasnto be like a circle were the fungus at the same
time synthetize and degrade the toxins. Environmental changes, which occur within a day,
could modify the way of the toxins biosyetic pathway promoting the synthesis or the
degradation influencing directly the final amount of AFs on a crop (Stutz and Krumperman,
1976).

Water availability, measured saa, influence both fungi groth and mycotoxins
production. Lee and Magan (2000) fauthat forA. flavus0.99 was the optimal level of,a
for grown and AFs productiotdowever 0.77 and 0.83 ,acould be the minimum levels
requested for grown and AFs biosynthesis (Sanchis and Magan, 2004). In a experiment on

kernelsA. flavuswas dominanbn A. ochraceusat high @ levels (0.99) but not at lower,a



levels (0.95). Contrary at 0.95, &Fs produced byA. flavus was higher than ochratoxin
produced byA. ochraceugLee and Magan, 2000).

Water activity influenced also conidia germination. In particular Aorflavus
germination was faster af, &evels higher than 0.90 decreasing significantly when the conidia

were tested at lower lexsg]Marin et al., 1998).

1.6.3Chemical factors

Chemial compounds have been studied and used for the treatment of plant pathogens.
In particular effect of several fungicides on growth and AFs productiofsspgrgillusspp.
have been investigated. Criseo et al. (1994) tested 5 inhibitors of mycelial gnovitilo on
strains ofA. flavusand A. parasiticus Between the compound tested mercuric chloride and
cycloheximide showed the best efficiency in reducing fungal growth but they also promoted
AFs production. Contrary biphenyl was able to reduce both fuggaith and AFs
production at high concentration but lower concentration just delayed the AFs biosynthesis.
Dichloran did not affect fungal growthut inhibited AFs production. The last compound
tested, the sodium desoxycholate, was able to reduce bothliahyg®wth and AFs
production (Criseo et al., 1994).

Reddy et al. (2009)wvaluated the efficiency of Bonventionalfungicidesand 5 non
conventional chemicalagainstA. flavus A. parasiticus A. niger and A. ochraceusgrowth
and AFs production on ric€onventional fungicides,e. bavistin €arbedaziry contaf plus
(hexaconazole), folicur (tebuconazole®sult propiconazolg and saaf (carbedazim and
mancozeb), were able tmmpletelyinhibited growth and AFs production of @bkpergillus
spp.testedat 1 ml per kg of riceAbout the 5 nortonventional compound tested, benzoic
acidat 4 g per kg of riceeduced growth oA. flavusof 72% and completely inhibited grown
of A. parasiticus A. niger andA. ochraceusVanillin totally reduced AFgroduction and the
sodium chloride also the mycelial growtReddy et al., 2009).

Efficacy of different fungicides againgt. flavus growth and AFs production was
evaluated on different media incubated at 20 and 3Jdj&buconazole(25% of active
ingredien) and mancozel§80% of active ingredientvere the most effective in inhibiting
growth and AFs production under the condition testieldwever efficiency of each
fungicides was influenced by temperature and substrate used (Santos et al., 2011).

Also two egosterol biosynthesis inhibitors, prochloraz and imazalil, seem to béoable



redu@ A. flavus and A. parasiticusgrowth and AFs biosynthesis. Although the fungi are
adapted to these fungicigesome differences in the colony morphology were observed. In
particular the molecules altered conidial formation and AFs production, determining an AFs
reduction over 80%Delen and Tosun, 1999).

The efficacy of fungicides is straindependent and it is filmenced by temperature
Moreover the same fungicide that & particular able to reduce fuaggrowth can enhance
AFs production because of stress caused to the fungus. So the best fungicideashbald
same time prevent fungi growth and AFs productigSantos et al., 2011). Howeyaro
fungicides have showed their efficacy in controlliAg flavus on maize when applied at
concentrations that are ceaxffective and environmental safe (Bhatnagar et al., 1993).
Consequentlyalthough several fungicideseaavailable to limit AFs concentration on crpps
their use could asked an unacceptable cost for the fé§Brmwxn et al., 1998).

In ltaly, nofungicide able to reduca. flavusgrowth and AFs contaminatias allowedfor in

field treatment ofmaizedestined for both food and feed.

1.6.4 Vegetative Compatibilityr@ups (VCGSs)

Vegetative compatibility is the ability of fungi to undergo hyphal fusion to form stable
heterokaryonsHeterokariongould be stable for long period of time or may be shorabse
the haploid nuclei fuse and immediately make meiosis (Leslie, 199183. self/nonself
system limits hyphal anastomosis and consequent gene flow between individuals belonging to
different VCGs (Leslie, 1993). Fungi may have kept thiugh the evoldion, to limit
transmission of hazardous viruses and plasmids (Caten, 1972; Biella et al., 2002) or parasitic
nuclei (Hartl et al., 1975). Loci that regulate vegetative incompatibility are definezhd
ranged from 9 ilPodosporaansering(Saupe et al2000), to at least 8 iA. nidulans(Anwar
et al., 1993), 7 inCryphonectria parasitica (Cortesi and Milgroom, 1998), and 1in
Neurosporacrassa(Perkins and Davj2000). Stable fusion of vegetative hyphae is possible
only between isolatesith the same alleles at aific loci while hyphal fusions of isolates with
different alleles produce a programmed cell death (Glass and Dementho, 2006). Two isolates
that can fuse their hyphae belongs to the same VB&sds et al., 2006) anmdembers ofhe
same VCG are considered to be members of the same clonal lineage (Papa, 1986); sequenc
data confirm that isolates within a VCG are closely related and distinct from other VCGs

(Grubishaand Cotty, 2009). Phenotypic characteristios,(size of sclestia and aflatoxin



producing ability) of isolates are usually conserved within VCGs more than isolates belong to
different VCGs Novas and Cabral, 2002; Mehl and Cotty, 2010).

Complementation tests between nitrate nonutilizing auxotraphs(tants) areised
to evaluate vegetative compatibility among isolates.dlavus (Bayman and Cotty, 1991).

Two enzymes are involved in nitrate assimilation: nitrate and nitrite reductase and the active
site of nitrate reductase is a molybdenum cofactor, codifiedebgral genes callednx
(cofactor nitrate reductase anlanthine dehydrogenas€ychwarz and Mendel, 200a)it
mutants differ in their ability to utilize various nitrogen sources depending on which genes,
essential for nitrate assimilations, carry on the mutation. Three classes of mutants are
possible: niaD (defective in the nitrate reductase genes), nirA (mutatiche nitrite
reductase genes) and cnx (defective inctineggenes).

Vegetative compatibility analysis (VCA) of population Af flavus (Bayman and
Cotty, 1991; Pildain et al., 2004; Barros et al., 2006), showedithBtmutants are isolated
in higherproportions tharcnx and nirA mutants. Butnx mutants are preferred as testers for
identifying VCGs because usually they provide the strongest reactions between compatible
isolates when paired withiaD or nirA mutants (Correll et al., 1987) and are thesi
consistent for VCA among. flavusnit mutants (Bayman and Cotty, 1991). Differences in
proportions of the various genes involved in nitrate assimilation and use have been frequently
reported. However, the mechanisracausdhese differences occis not yet understood. It
has been suggested that either physicalditee genes may play a roletbat some loci may
be more susceptible to mutation than others (Klittich and Leslie, 1988).

Vegetative compatibility analysis is largely used in plant patholto study genetic
diversity of fungi populations. Liu et al. (1996) analysed 4 populationSrgphonectria
parasistica 3 from USA and 1 from Italy. Each population was composed of 16, 19, 57 and
50 isolates, respectively. All 146 isolates were testedvegetative incompatibility and
assigned in 37 VCGs. In patrticular 1, 2, 3 and 31 VCGs were indivitiiratbe population
with 16, 19, 50 and 57 isolates, respectively.

Genetic variability was also assessed in a populatiorCerfcospora coffeicola
samped from organic and conventional coffee plantings in three Brazil regioasgti(el et
al., 2008). Sixtyfive isolates, 3 from organic and 3gom conventional coffee plants, were
assigned in 28 VCGs. Several VCGs were detected in more than one regiomdandboth

agricultural system. However region and crop system did not influenced genetic structure of

! "%



the pathogen population (Martins et al., 2008).

Vegetative compatibility analysis is also used to investigate diversity witHiavus
populations andeveral VCGs are commonly found in each geographic area studied. Sweany
et al. (2011) identified 16 VCGs from 669 isolatesAofflavus from ears and soil in 11
Louisiana corn fields. Habibi and Banihashemi (2008) identified 16 VCGs from 44 sAsame
flavus seedisolates collected in Iran. Barros et al. (2006) identified 56 VCGs from AOO
flavusisolates collected from soil in an Argentinian peagnawing region. VCG diversity of
79, 76 and 64 isolates @&t flavus A. parasiticusand A. tamarii, respectively, sampled in
peanut field in Georgia were examined. Farte, 9 and 15 VCGs were individuated frém
flavus A. parasiticusandA. tamarii, respectively (Horn and Green, 1995). Bayman and Cotty
(1991) identified 13 VCGs from 61 isolates Af flavus from soil and cottonseeds in an
Arizona cotton field and Papa (1986) assigned 32 isolates from Georgia corn kernels in 22
VCGs.

Vegetative compatibility analysis is alsmportantin developing biological agents
(Donner et al., 2010) because theersity of VCGs correlates negatively with the success of
biological control (Anagnostakis, 1987; MacDonald and Fulbright, 198ally, the
atoxigenic isolates for safe use in biological control should belong to VCG that do not have
toxigenic membergCotty, 2006). Thisis aprecaution to ensure that atoxigenic and toxigenic
isolates within a VCGQvill not exchange genetic material and generate progenies that produce
aflatoxins (Ehrlich et al2007)

1.7 Aflatoxins and their toxicity

Aflatoxins are polyketidederived secondary metabolites that can be produced by six
species ofAspergillussectionFlavi: A. flavus A. parasiticus A. nomius A. bombycis A.
pseudotamariiand A. tamari (Goto et al., 1996; Ito et al., 2001; Varga et al., 2003).
However, the two most important AFs producer fungiAréavusandA. parasiticus whose
AFs contamination determines importasbnomic losse@CAST, 2003)

It is generally accept tha. flavus produces only the aflatoxinBAFB;) and B
(AFB>) (Fig. 5 and the cyclopiazonic acid (CPA) but a taxon similar to S strains, nagged S
can prodge also the @flatoxins (Fig. %. InsteadA. parasiticuscan produce all four AFs but
not the CPA (Amaike and Keller, 2011). However should take in consideratiamotieit the

strains are toxins producer and atoxigenic strains are common (Smith and Moss, 1985).
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Aflatoxins take the name from blue (B) or green (G) fluorescence exhibit when
exposed to ultraviolet light (366 nm) on silica gel thin layer chromatography (Hartley et al.,
1963). In addition, in the milk of dairy cows it is possible to find dfatoxins M and M
(Fig. 5, as a consequence of AFBnd AFB feed contaminated producfgan Egmond,

1989).

The discovery of AFs is linked to the death of more than 100,000 turkeys in England
in 1961. The cause of the death initially was unknown and for these reasons was called
Turkey X disease. Theubsequent investigations reveled that the groundnut mealsasised
feed were contaminated with a toxic metabolites produced by some str#&in8asius The
compound was chemically characterized and named AFs, from the acrsgengillus

flavustoxins (Forgacs and Carll, 1962).

Since its discovery, the dangerouseeté of AFs on humans have been documented.

In particular, consumptions of contaminated food can cause aflatoxicosis and/or liver cancer,
but also the fungus can invade the human body and cause aspergillosis often fatal in
immunocompromised patients (Amailand Keller, 2011).

Aspergillosis is a disease caused at least by 20 species of Asprgiljh invasive
mycelia grown inside the bod. flavusis second only t@é. fumigatuscausing invasive and
noninvasive aspergillosiK(ishnan et al., 2009 Source of infection is represented by the
fungal spores breathed from contaminated fog¢Adhikari et al., 2004)or smoked
contaminated plant material like tobacdde(weij et al., 2000)The symptoms caused by
repeated exposures to spores are asthméeogialbronchopulmonary aspergillosidgdayati
et al., 2007).

Aflatoxicosis arises inhaling or ingesting high levels of food contaminated with AFs.
We can distingue aflatoxicosis in chronic, determinated by the assumption of low doses of
AFs for long time and acute, caudeby high concentrations of AFs in one or a limited
exposures. Symptoms of chronic aflatoxicosis are stunted grown, immune suppressions and in
some cases thus can lead to liver cancer development (Cardwell and Henrg; @94t al.,

2004). Acute aflatoxicosis has been a big problem in developing countries especially Asia and
Africa. For example in Kenya outbreaks were reported in 18P, 2001, 2002006 and

2008 (Ngindu et al., 1982; Fambi, 2006; Probst et al., 2007n particular more than 150
people died between the years 2@DO5 after consuming maize contaminated with AFs
(Strosnider et al., 2006).



Aflatoxins are also dangerous for animals. In additions to citied outbreaks in turkeys
in England in the early 1960s, other anlsn@llowed the same end. This is the case of more
than 100 dogs in the United States killed by AFs group B contained in maize used for dogs
dry food (Stenske et al., 2006; Dereszynski et al., 2008). AFs contaminations represent also a
problem in the dairjarm. For example, in Italy in 2003 high levels of AF¥hd AFM: were
detected in cow milk as consequence of elevated concentrations gfafhBBAFB in the
maize feeds (Giorni et al., 2007; Piva et al., 2006).

1.8 Aflatoxin biosynthesis and pathway gene cluster

Aflatoxins biosynthesis pathway has been described and involves at least 23
enzymaticconversions, through a series of pathway intermediateeh are summarized in
Fig. 6 (Sweeney and Dobson, 1999). Briefly, acetate and malonyl CoA are converted to a
hexanoyl starter unit by a fatty acid synthase, which is then extended by a polyketide synthase
to norsolorinic acid, the first stable precursor in the pathway. Instead ipetalprecursors
of AFs are the sterigmatotocystin (ST) and the dihydrosterigmatocystin (DHST). In particular
the ST is the precursor of ArBnd AFG and the DHST is the precursor of AF&nd AFG
(Yu et al., 2004).
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Whole genome sequences of several specidspérgillusareupdated and available
in many web sites. In particular a 5X sequence coverage fdivus was released by The
Institute for Genomic Research in 2005 (Amaike and Keller, 2011).

The genome size &. flavus distributed on 8 chromosomes, is estimated in 37 Mb
and encode for more than 12,000 functional genes (Payne et al., Gt and Ehrlich
2010. Compare to other Aspergiliie. A. terreus(30 Mb), A. nidulans(31 Mb), A. fumigatus
(30 Mb), andA. niger (34 Mb), genome oA. flavusis bigger although all species shathe
same number of chromosomes (Birren et al., 2004; Galagan et al. N\@¢@fBanet al., 2005;
Pel et al., 2007)Probably the different size éf flavus(and is twinA. oryzag is due to extra
copies of lineage specific gendddchida et al., 2005)hat are generally located in non
synthetic blocks@hang and Ehrlich, 20).0

Genes responsible of AFs synthesidAirflavus are well known (Fig. ) Secondary
metabolites genes involved in the synthesis of a single metabolite are generally clustered in
the genome where are present the enzymatic genes and often also the transcriptional factors
for compound synthesidHpffmeisterand Keller, 2007; Turner, 2010. The cluster for AFs
biosynthesiss located near one telomere of chromosome 3 and at least Zbagerievolved
in the biosynthesis; the functions of 19 genes have been assigned bubffdhedn the
functions arestill unassigned. The average size of each gene is about 2 kb but three are
bigger: the fatty acid synthase alpha (5.8 kb) and beta (5.%ukunits and the polyketide
synthase (6.6 kb) (Yu et al., 2005). These last three genes are required to synthesize the firs

stable AFs precursor, nonsolorinic acid (Amaike and Keller, 2011).
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Fig. 7. Aflatoxins clustered genes. The horizontal line represents the 82 kb aflatoxins biosynthetic
gene cluster irA. flavusand indicates the relative sizes of the genes in kilobases. The new name of
each gene is shown on the top of the horizontal line amalthon the top of the arrows (Yu et al.,
2004).



Many members ofAspergillus section Flavi lack AFs productionA. sojae and A.
oryzaehave homologues of AFs biosynthetic gef@sang et al., 1995; Klicht al., 1995; Yu
et al., 2000) but they do notquuce AFs (Wei and Jong, 1986). In fact, for century, they have
been largely used in food fermentation industry and are considered safe (Machidz06b6al.
Chang et aJ. 2007). AlsoA. oryzae strains, domesticated atoxigenic strain Afflavus
(Wicklow, 1984;Chang et al., 2006), have the AFs biosynthesis gene cluster but it is not
functional due to deletions, frarshift mutations and base pair substitutions (Tominaga et al.,
2006).

Deletion of portions of the AFs biosynthetic gene clustehiwititoxigenicA. flavus
isolates is not rare (Chang et, @005) and strains @. flavuswith large deletions in the AFs
gene cluster have been used to study the genetics of AFs biosynthesis for over a decade
(Prieto et al.1996). AlsoPCR detection fopresence or expression of AFs biosynthetic genes
have been used as diagnostic tool fmarchingaflatoxigenic fungi in selected food
commodities Geisen, 200)

Chang et al. (2005) characterized deletions in the aflatoxin gene cluster of 38
atoxigenicA. flavusisolates. They individuated 8 different patterns of deletion named from A
to H. Some solates presented different degrees of deletiondetialisolates in the padtn A
did not miss any genes whilsolates in the patter H missed all genes. Similar results were
also found by Donner et al. (2010), who analyzed 23 atoxigenic isolat&sflai/us from
Nigeria. Eight patterns were identified and although two patterns were similar to those

reported by Chang et al. (2005) new type of deletion were individuated.

1.9 Aflatoxins legislation

As consequence of the high toxigenic activity of Alrsparticular AFB, limits in
food and feed are strictly regted worldwide. First overviewf worldwide mycotoxins was
presented in 1981 at International Symposium on mycotoxins in Cairo (Schuller at. al., 1983).
In 2003 at least 99 countries haxycotoxin regulations for food and/or feed, an @ase of
approximately 30%¢ompared to 1995 (FAO, 2003). Brlimit in food differ in each country
but substantially is comprised between 1 andpgtkg (Fig. § and the total AFs limits
ranging between t35ug/kg (Fig. 9. On the other hand, limits of ARBn feed for dairy
cattle range from 5 to 50g/kg and the total AFs from O to p@/kg. About AFM in the milk



limits are comprised from 0 to 3®/kg (FAO, 2003)Regardingdtaly, AFB; limit is 2 ug/kg

and 5ug/kg for processed adult foaahd dairy cattle feed, respectivélyC, 2006; 2010).
Although limits for AFs across country are differeab hormonised regulations have

been done in countries belonging to economic communitigsarticular in Euope the first

harmonized regulations thaetting maximum levels for certain contaminants in foodstuffs

and alscAFs was releade in 200EC, 466/2001). This regulation wkder modified with the

EC 472/2002, EC 2174/2003, EC 683/20B€ 1881/2006 anthe more recefyt with EC

165/2010.
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Fig. 8 Worldwide limits for aflatoxin Bin food

Numbers of countries

pa/kg total AF

Fig. 9 Worldwide limits for total aflatoxins in food



Compared to other regions of the world, Europe has the most extensive and detailed
regulations for mycotoxins in food and feed&AO, 2003).The current legislation in the
European Union refers to the allowed limit of AFs indstuff (EC, 2006, 2010) (Fid.0 and
AFB; and others AFs (AFB AFG; and AFG) in the feeds (EC, 2003) (Fig.)11

Foodstuffsl) Maximum levels?g/kg)
62.1. Aflatoxins B, Sum of B B, G M,
and G
2.1.1. Groundnuts (peanuts) and other oilsé®dst¢ be 8,0 ) 15,0 ¢) N

subjected to sorting, or other physical treatrhent,
before human consumption or use as an ingredient
in foodstuffs,

with the exception of:

N groundnuts (peanuts) and other oilseeds| for
crushing for refined vegetable oil production

2.1.2. Almonds, pistachios and apricot kernels to| bé&2,0 f) 15,0 ¥) N
subjected to sorting, or other physical treatrhent,
before human consumption or use as an ingredient
in foodstuffs

2.1.3. Hazelnuts and Brazil nuts, to be subjected to sprting,0 ©) 15,0 ¢)
or other physical treatment, before  humman
consumption or use as an ingredient in foodstuffs

2.1.4. Tree nuts, other than the tree nuts listed in 2.1[2 arisl0 f) 10,0 ¢) N
2.1.3, to be subjected to sorting, or other physical
treatment, before human consumption or use as an
ingredient in foodstuffs

2.1.5. Groundnuts (peanuts) and other oilsé®dsafnd 2,0 & 4,0 ® N
processed products thereof, intended for dlirect
human consumption or use as an ingredient in
foodstuffs,

with the exception of:
N crude vegetable oils destined for refining

N refined vegetable oils

2.1.6. Almonds, pistachios and apricot kernels, intended fo8,0 ©) 10,0 §) N
direct human consumption or use as an ingredig¢nt in
foodstuffs4®)

2.1.7. Hazelnuts and Brazil nuts, intended for direct humas,0 f) 10,0 ®)

consumption or use as an ingredient in foodgffis (

2.1.8. Tree nuts, other than the tree nuts listed in 2.1/6 ar@l0 f) 4,0 ® N
2.1.7, and processed products thereof, intendgd for
direct human consumption or use as an ingrgdient
in foodstuffs

2.1.9. Dried fruit to be subjected to sorting, or dgther 5,0 10,0 N
physical treatment, before human consumptiop or
use as an ingredient in foodstuffs

2.1.10. Dried fruit and processed products thereof, int¢gnded2,0 4,0 N
for direct human consumption or use as an ingredient
in foodstuffs

2.1.11. All cereals and all products derived from cgreals,2,0 4,0 N
including processed cereal products, with | the
exception of foodstuffs listed in 2.1.12, 2.1.15|and
2.1.17

(continued)



Foodstuffst)

Maximum levelsig/kg)

2.1.12.

Maize and rice to be subjected to sorting or
physical treatment before human consumptio
use as an ingredient in foodstuffs

other5,0
or

10,0

2.1.13.

Raw milkY), heat-treated milk and milk for
manufacture of milk-based products

he N

2

2.1.14.

Following species of spices:

Capsicum spp. (dried fruits thereof, whole or gro
including chillies, chilli powder, cayenne and pa

5,0

hind,
brika)

Piper spp. (fruits thereof, including white and Hlack

pepper)
Myristica fragrans (nutmeg)
Zingiber officinale (ginger)

Curcuma longa (turmeric)

Mixtures of spices containing one or more of the

abovementioned spices

10,0

2.1.15.

Processed cereal-based foods and baby fodds f6r10

infants and young childred ()

2

2.1.16.

Infant formulae and follow-on formulae,
infant milk and follow-on milk)(€)

including N

pral

0,025

2.1.17.

purp&sés)(

Dietary foods for special medical
intended specifically for infants

0,10

pral

0,0250

Fig. 10. Maximum levels for aflatoxin contaminants in foodstuffs (EC, 2010)

. Point 7 is replaced by the following:

Undesirable
substances

Products intended for animal feed

Maximum content
in mg/kg (ppm) rela-
tive to a feedingstuff

with a moisture
content of 12 %

1) @ 3)

7. Aflatoxin B1 All feed materials 0,02
Complete feedingstuffs for cattle, sheep and goats with the exception of: 0,02
— complete feedingstuffs for dairy animals 0,005
— complete feedingstuffs for calves and lambs 0,01
Complete feedingstuffs for pigs and poultry (except young animals) 0,02
Other complete feedingstuffs 0,01
Complementary feedingstuffs for cattle, sheep and goats (except comple- 0,02
mentary feedingstuffs for dairy animals, calves and lambs)
Complementary feedingstuffs for pigs and poultry (except young 0,02
animals)
Other complementary feedingstuffs 0,005’

Fig. 11. Maximum levels for aflatoxin contaminants in feedstuffs (EC, 2003)
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1.10Preventive actions to reduce aflatoxins contamination

Due to high economic losses as consequence of AFs contamination and the toxicity of
these compounds, several strategies have been studieghalied to reduce the risk maize
(Hell and Mutegi, 2011).
These strategies can be divided into:
I stopping the infection process (host plant resistance, biocontrol)
I pre-harvest crop management practices (good agricultural prgctice

I postharvest management strategies (timely harvestiogep drying).

1.10.1 Stopping the infection process

a) Breeding for resistance

Although source of resistanceAgpergillusinfection and AFs contamination in maize
have been identifieccommercial hybrids labeled as AFs resistard not available for an
economic sustainable agriculture (Henry et al., 2009). In fact it is hard to found hybrid lines
that are at the same time high productive @ik resistant in different environments
(Clements and White, 2004).

Hybrids lines of maize resistant téspergillusear rot showd lower levels of AFB
(Campbell and White, 1995). Similar results were found by Brown et al. (2001) analyzing 36
maize hybrids selected in West and Central Africa for moderate to high resistance to maize
ear rot for their resistance to AFs; they detected in more than 50% bhdéls tested lower
amount of AFB compare to the lines no ear rot resistant.

Scientists have also focused their studies on dewgjokernek with pericarp
resistance (morphologitand chemical) and subpericarp biochemical resistance (antifungal
proteirs) to fungal infection. The resistant genotypes analyzed generally seem to inhibit AFs
production indirectly through inhibition of fungal growth (Brown et al., 1995; Guo et al.,
1996).

One of the major factors that contribute to preharvest AFs contamigsatothe
drought stress. For this reasons breeders have focused their atterttrongirtresistant crop
lines to be used in breeding programs (Guo et al., 2008).

However new strategies that enhance host plant resistance against AFs, involving
biotechndogies are explored (Brown et al., 2003). These approaches are based on

individuation of maize plant that are able to reduce the incidence of fungal infection, restrict



the growth of toxigenic fungi or prevent toxin accumulation. Microarrays, identifitatd
Resistancé\ssociated Proteins (RAPs), AFs accumulation resistance quantitative loci (QTL),
biochemical marker or compounds that can block AFs biosynthesis can help in develop crop

resistance and AFs control on several crops (Hell and Mutegi, 2011).

b) Biological control

Control of pathogenic fungi or bacteria using nonpathogenic microorgangsm
largely used in plant pathologyifdow, 1987; Lorito et al., 20)0Many organisms have
been tested for biological control of AFs contamination includingebbiac yeast and nen
toxigenic strains of the pathogenic organism (Hell and Mutegi, 2011). In particular, Cotty
(1990) demonstrated the efficiency of atoxigeAidlavusto displace toxigenic strains and
hence control AFs contaminations in Arizona coffiefds. Subsequent studies demonstrated
the efficiency on other crops, including peanuts and corn (Abbas et al., 2006; Dorner, 2010).
Largescale application has been reached with two commercial biological control agents
registered by the U. S. EnvironmahProtection Agency: Afl&uard and AF36. The active
ingredient of AflaGuard, registered on peanuts and maize, is the atoxigeflemvus strain
NRRL21882 that does not produce AFs because has a deletion in the AFs biosynthetic genes
(Chang et al., 2005; Dorner, 2010). Since 1996, first year of applications, AF36 has been used
in Arizona to reduce AFs contaminations in cottonseeds. AF36gatucity came from a
single nucleotide polymorphism (SNP) in one gene responsible of AFs synthesis that
generates a stop codon blocking the biosynth&sidi¢h and Cotty, 2004

A 4 years trial shaed that soil inoculated with a mixture of atoxigennd doxigenic
A. flavus strains had significantly lower levels of AFs contamination compared to the fields
inoculated with the toxigenié. flavusstrain alone (Abbas et al., 2006). Level of reduction
ranged between 43 to 63% for the strain CT3 and fromo785% for the strain K49.
Although both atoxigenic strains tested were able to reduce AFs contamination on maize the
strain K49 can be preferred because it produces neither AFs nor cyclopiazonic acid (Abbas et
al., 2006).

Because displacement of toxigensolates by atoxigenic isolates is dependent on
isolate reproduction and competition in the local environmssientists research in many
countriesatoxigenic strains to use as biocontrol agents (Cotty et al., 2008). Recently Probst et

al. (2011) colled from maize sample associated with lethal aflatoxicosis in Kenya



atoxigenic isolates with potential value in AFs management. In partioutédro experiments

on living kernels shoved thabmeisolates reduced AFs production more than 80%. Similar
resuts, with reduction in AFs production between 70 to 99% were obtained by Atehnkeng et
al. (2008) in both laboratory and field trials analyzing atoxigéniflavus from Africa on

maize and peanut. Mesver a mixture of 4 atoxigenic strains &f flavus from Nigeria
obtained provisional registration as AflaSafe to determine efficacy-fiaramtest (Hell and
Mutegi, 2011).

Preliminary studies to individuate potential biocontrol agent of toxig@nittavus
isolates are ongoing in Argentina and lItaly. In Argjea, Barros et al. (2006) screened 100
isolates of A. flavus from peanutcropped soil for VCG analysis, sclerozial size and
mycotoxins production to characterize fungi populations but also to individuate potential
biocontrol agents to use on peanut.

In Italy, Degola et al(2011) evaluated the potential of 9 isolate@\dflavuscollected
from make kernels as biocompetitoeggainst mycotoxin producer§ome of them were
unable to reduce AFs production but a few whennoaulated on maize kerneis vitro
reduced AFs production close to 80%.

A. flavus biocontrol agents are commercialized on coated seexlsvpeat, barley,
sorghum) to facilitate application in the field ata offer a substrate for fungi growth,
sporulation and consequent dispersiom developing plants (Antilla and Cotty, 2004).
However solid preparations suppdydth theresidence inthe fields and sporulatiofor
relatively long periods and, as a result, provide a window of influence that extents

considerably beyond application d4Cotty, 2006).

1.10.2Pre-harvest crop management practices

To reduce AFs contamination in the fieldinslispensableontrol the factors that can
enhance their production. Many practices, like timely planting, maintaining optimal densities,
properplant nutrition, avoiding drought stress, control other plant pathogens and insect pest
aresome ofthe principalmeasureshat couldbe used taeduce AFs contamination. (CAST,
2003; Bruns2003; Santin, 2005).

Isolates ofA. flavusare able to live under a wide range of conditi@specially those
associated with drought in tropical agricultural crops. On the other hand plant drought stress,

influencing kernels integrity and health, can increaspergillus spp. infection and AFs



contamination. Although irrigation is a valid practice to reduce water stress and probably AFs
productionis not always available or cestfective for growers (Payne et al., 1986

It is also true that irrigation can aggravate the leaching problem of@itrderived by
reduced wateholding capacity. Also plant density or excessive weed populations, which
compete for soil nutrients, can promote nitrogen deficiency (Anderson et al., 1975). To avoid
nutrition stressto the plants due to irrigatiopractice $ necessary applied wdlalanced
fertilizers to maintain a crop with low inoculum level. Also excessive uses of herbicides to
control weeds can enhance susceptibility of maizeAtdlavus infection and to AFs
contamination (Oka and Pimentel, 1970).

Tillage systems and crop rotation can affect soil inoculum availability and root/soil
interface and prevent inoculum build up. Crop rotation and management of crop residues also
play an important role in the cycle and so in infectiooflavuson the maizen the fields
(Diener et. al., 1987).

Not only favorable environment conditions or plant stresses are able to promote AFs
contaminations in prbarvest but also insect and bird damage, which provide access sites to
the fungusand increasing infection by daaging the kernel pericarp (Lillehoj et al., 1980;
Horn and Pitt, 1997Payne, 1998). In fact in Missouri and lllinois (USA) maize earsadpt
by ECB . nubilalis) andcorn earworm Keliothis zea had significantly higher levels of
AFs than undamaged edlsllehoj et al., 1975)

RodriguezdelBosque(1996) showedthat a combination of good cultural practices
(i.e. early planting, reduced pia population and irrigation), together with an optimal maize
hybrid and insect control, reduced AFs concentrations dowrbtadlg, compared to 6867
ng/g in lateplanted, non irrigated maize at a higher plant population without insect control.

Chemical treatments to control ear feeding insects are usually expensive and
principally used on higlcash maize such as sweet maize or white maize destined to human
alimentation, while yellow maize grown for livestock feed is seldom treated without
insecticides(Bruns, 2003) Important ® obtain good result antd optimize the control of
insect on maize, especially for ECiBjs fundamental taletermine the stage of the ing8ct
lifecycle and timing the application of insecticides. In fact late treatment of infested fields will
be ineffective once the borer enters the interior of the $Balkns, 2003) In recent studies

managed in Italyt was suggested to schedule ECB control as silk browning instead of based



on the insect detection in field. It seems to generate good control even limiting time for field
surveys (Mazzoni et al2011).

Corn earworm requires numerous insecticide treatsnnobtain an efficient control
but, in same case, like for corn destined to animal feed, costs of applications are excessive for
the value of the crops (Bruns, 2003). However this insect does not represent a relevant
problem in Europe.

Insecticides apptations are not the only praai¢o manage insect damage on corn.
For exampleBacillus turingensigBt)-transformed maize hybrids, which are resistant te ear
feeding insects, present a lower level of AFs contamination of the kernels compare to the not
resistant hybrids line (Dowd, 2000; Williams et al., 2002}n1iize influencing corn borer
larval establishment and survival inside the plants reduce AFs contamination in areas where
high corn borer infestations occur (Williams et al., 206®wever Btmaze can reduce AFs
contamination only under certain circumstances (Abbas et al., 2009) and in addition it

planting is not admitted in most European country.

1.10.3 Posharvest management strategies

Stored maize with high levels of moisture can incre&ise contamination 10 fold in
only 3-day (Hell et al., 2008). For this reason is recommended to harvest corn early at high
moisture content (288%) and dry as quickly as possible to safe moisture levels-b8%0
(Brown et al., 1999). Although technologlcsolutions to dry crop are largely distributed and
applied in develop country for example, in Africa these dryers are not used by farmers
because large capital investments are needed to acquire them (Hell et al., 2008).

Maize mechanically harvested peesed more damage that could enhance AFs
contamination than those manually-ligsk. In addition, seeds harvested as maize ears
yielded better physiological quality than those harvested as a maize grain (Oliveira et al.,
1997). Plett (1994) found a corretat between grain moisture and percentage of grain
cracking. Kernels integrity is fundamental for a good and long term storage because broken
kernels can promote fungal penetration in seed and, consequently, AFs production. In fact, the
highest levels of As are produced when the fungus invades the seed embryo, where simple
sugars are present in high quantities compared to other parts of the seed where comple»
carbohydratearepredominat (Bhatnagar et al., 2006).

It is necessary to take into consideration that in regions with littlesésteon rainfall



or where maturation occurs during hot periods of the year early harvesting is of limited
usefulness. However harvesting at the optimum stage of maturity and rgpid dfter
harvesting can represeagood strategies foh. flavusand AFs controlJones, 1987Brown
et al., 1999).

Several compounds, like organic acids or ammonia are used as fungi inhibitor on
stored crops. These compourtdignge the pH of food preventidgvelopment of fungi. The
use of these acids rslated to the moisture content: with high moisture content more acid is
needed. The dissociated form of propionic acid does not fit for use since it is cqrrosive

whereas thendissociated forrs effective in killingfungi (Dixon and Hamilton, 1981).



1.11 Aim of the work

Aflatoxins are the most canogenic natural compound knowin nature. These
molecules, toxic for animal and humans, are producednportant economic commodities
worldwide by the secondary metabolism of several alrspecies oAspergilli of the section
Flavi. In Italy the principal responsible of aflatoxins contamination on mai2eflavusand
the area more expos@deato cortamination is the northern of the peninsula where almost
90% of the cultivation is locatedsenerally, climatic conditions in this area are not favourable
for aflatoxins contamination; however, reduced rainfall and increased temperature during
maizedevelging seasoman occur along with associated levels of AleBeedingthe legal
limits, as happeneith 2003. Since this yeamore attention has been dedicatedharacterize
Italian A. flavuspopulations associated with maize cultivation and to develogeful tool to

reduce aflatoxins contamination.

To accomplishthis goalthe following studies were conducted:

I Vegetative compatibility analysis of a populationfoflavusfrom northern Italy

I Identification of atoxigenic isolates

I Evaluation ofthe ability of atoxigenic isolates to reduae vitro aflatoxins produced

by toxigenic isolates vitro

I Selecton of atoxigenic isolatepotentially usefuhs biocontrol agents

I Individuate deletionsn the aflatoxin biosynthesis gene clustersefected atoxigenic

isolates

I Biocontrol field trial with the sele@d potentialbiocontrol agents
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This study aimed to characterise dtalian populatios of Aspergillus flavus in order to
investigate on the causal agents responsible for aflatoxin contamination of maize in the most
affected districts of ItalyForty-six percent ofA. flavus strains, isolated from maize kernels
collected in 5 districts of northern Italy between 2003 and 2010, were unable to produce
aflatoxin. The genetic diversity of the population was assessed by analysis of vegetative
compatibility groups (VCGs) and aflatiox biosynthesis gene cluster. Foueight VCGs

were identified through complementation between nitrateutitiming mutants. Twentfive

VCGs included only atoxigenic isolates, and the remaining 23 only aflatoxin producers.
Members of the largest atoxige VCG (IT6) were found in 4 of the 5 districts sampled. Six
deletions patterns in aflatoxin gene cluster were detected. Twelve atoxigenic isolates did not
show deletions of the aflatoxin gene cluster. Conversely 10 had a deletion of the entire
aflatoxin gene cluster. One isolate showed a deletion pattern that was found only once in
Nigeria in a previous study. This study gives the basic knowledge for the selection of

candidate to use as biological control agents in maize growing areas of Italy.

Keywords AFB; cluster, VCGs.
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2.1 Introduction

Maize Zeamays is a very important crop in Italy, didated on about one million ha
with a productionof about 8.5 million ®dns The growing area is mainly located irdtricts
that supply 89% of the national production (Istat, 2011). Thksteicts (Emilia Romagna,

Friuli Venetia Giulia, Lombardy, Piedmont and Venetoe situated in the north of the
peninsula. Fumonisins, toxin producedMysarium verticillioidesn maize, epresent a very
frequent problem in this area (Pietri et al., 2004; Battilani et al., 2008). Unfortunately, in 2003
for the first time, high levels of aflatoxins (AFs) were also detected (Giorni et al., 2007; Piva
et al., 2006).

Aflatoxins are secondary rabolites produced by several membersAgpergillus
section Flavi (Sweeney and Dobson, 1998Giorni et al. (2007) reported that AFs
contamination in northern lItaly is basically dueAtdlavusspecies, producers of aflatoxin B
(AFB;) and B (AFBy). The International Agency for Research on Cancer (IARC, 2002)
classified AFB as a class 1 toxin, due to its demonstrated carcinogenic and teratogenic
activity in humans (Wang and Tang, 2004).

Aspergillusflavusis a filamentous fungus that has a vegetatigenmpatibility system
(Papa, 1986), regulated lwc loci (Leslie, 1993), that limits hyphal fusion and gene flow
between individuals belonging to different vegetative compatibility groups (VCGs; Leslie,
1993). Isolates are assigned to VCGs with functioNagetative Compatibility Analyses
(VCASs) typically utilizing nitratenonutilizing auxotrophgnit mutants). In VCAs, VCG
membership is defined by complementation of an isoldteoy one or both members of a
tester pair composed of complementary auxdtsppisually onenx (deficient in the cofactor
required by bothnitrate reductase and xanthine dehydrogenase) oneniaD (nitrate
reductase deficien{Cove, 1976Papa, 1986; Bayman and Cotty, 1991).

VCA is a useful tool to investigate diversity withA. flavus populations and several
VCGs are commonly found in each geographic area studied. Sweahy28t11) identified
16 VCGs from 669 isolates @& flavusfrom ears and soil in 11 Louisiana corn fields. Habibi
and Banihashemi (2008) identified 16 VCGs from 44 sesame seeddsmiiéeted inlran.
Barros etal. (2006) identified 56 VCGs from 10AQ. flavusisolates collected from soil in an
Argentinian peamt-growing region.In these studies VCG diversity ranged from 0.02 in

Louisiana corn to 0,56 in soil from Argentina.



Aflatoxin production is anothecharacter that is highly diverse withi. flavus
populationsisolates may produce anywhere from over ppfh aflatoxins to zero aflatoxins
(i.e. are atoxigenic). Thenore than 2genes involved in aflatoxin biosynthesis are contained
within a 65 to 70 kb clustefYu et al, 2004) and several lesions within this cluster
responsible for atoxigenicity in vate isolates have been described (Ehrlich et al., 2004;
Chang, et al., 2005; Yin et al., 2009; Donner et al., 2010@)ecent years, specific primers
have been designed for seveadlatoxin biosynthesigenes and PCRas beerapplied to
study expressiorof aflatoxin biosynthetic geneby A. flavusin different matrices, including
food commodities (Schmiddeydt and Geisen, 2007).

Since 2003, special attention has been dedicatéd flavus population in northern
Italy; however, neithethe diversity ofA. flavusVCGs northe distributions of lesions in the
aflatoxin biosynthesigene cluster have been examined. present studgoughtto examine
the characteristicef an A. flavusltalian populationin order to gain insight on the causal

agents of aflaixin contamination of maize in the most affected area of Italy.

2.2 Materials and Methods

2.2.1 Fungal isolates and culture conditions

One hundred and thirgightA. flavusisolatesirom maizekernels grown in Slistricts
of northern Italywere used inthe currentstudy The geographic area studied lies between
longitude 7.49; and 13.33j E and latitude 43.85j and 46.16j N (Battilani et al., 2008) (Fig.1).
Fifty-four, 14, 53, 7 and 10 samples were, respectively, collected in Emilia Romagna, Friuli
VeneziaGiulia, Lombardy, Piedmont and Veneto during the ZR030 growing seasons.
One strain per field was included in the collection, with the exception of a field chosen in
2008 in Lombardy; it was sampleaeekly from the early doughcrop stagetill maize
ripening, and 42 isolates were obtained. Isolation and identification meth@ddlafzuswere
those described by Giorni et al. (2007). These strains are part of the culture collection of the
Institute of Entomology and Plant Pathology of the Universit” diat del Sacro Cuore of
Piacenza, Italy.

Isolates were transferred by single spore twice serially on malt agar (1% malt, 2%
agal). After 2 dayson malf colonies were transferreéd 5/2 aga (5% V8 juice, 2% agar, pH

5.2, 1,000 ml of wat@rand incubateat 31;C for 56 days. Conidial suspensions from plugs



of mature cultures were maintained in vialsng) containing sterile distilled watemd used

as working cultures throughout the study. Ldagn storage was on silica gel.

2.2.2 Aflatoxins quantification

All the isolates were tested for ability to produce AFs. To this end, 20 g of undamaged
kernels in 250ml Erlenmeyer flaskssealed with gapermeable plugs (Bugstoppers;
Whatman, Piscataway, Nvjereautoclaved at 121;C for 60 min (Probst et al., J0Kernels
were inoculated with 1001 of conidial suspensiofil0® to 1¢° conidia)and incubated for 7
days at 31jC in the dark.

After incubation, kernels were blended (30 s high speef ml 80% methanah a
laboratory blenderThe homogenized maizeas filtered through Whatman No. 4 paper and
the filtrate was spotted directly onto tHayer chromatography (TLC) plates (Silica gel 60;
EMD, Darmstadt, Germany) togethasith AFs standards (Aflatoxin Mix kiM; Supelco
Bellefonte, PA) containing a mixte of AFB,, AFB,, AFG; and AFG. Plates were developed
in ethyl ethebmethandbwater (96:3:1), adried, and aflatoxins were visualized under-365
nm UV light. Aflatoxins were quantified directly on TLC plates with a scanning densitometer
(TLC Scanner 3Camag Scientific Inc, Wilmington, NC, USA) (Probst et al., 2011). Filtrates
initially negative for aflatoxins were partitioned twice with methylene chloride (25 ml) and
concentrated prior to quantification (Cotty, 1997). One replicate was made for eath. iso
To confirm inability to produce aflatoxins, putative atoxigenic isolates were retwgted
replicates Isolates thatvereinvariably negativefor aflatoxinswere considered atoxigenic for

the purpose of this study. The limit of detection was gfg.

2.2.3 Vegetative Compatibility Groups

Supplemented Czapdhox (CZ) medium with 25 g/l of potassium chlorated rose
Bengal (50 mg/l)YCotty, 1994) pH 7.0, was used to detect nitrage-utilizing mutants of
each isolate. Plates were cenp@nt inaculated with 15! of conidial suspension and
incubated at 31iC until chloratesistant sectors arose. At least 4 mutants were recovered
from each plate and transferred on CZ (nitrate medium), hypoxanthine (HYP) medium (50 g
sucrose, 10 g KHPOy, 2 g MgSQ .7H,;0, 0.2 g hypoxathine, pH 5.5, 1,000 ml of wateand
nitrite medium (50 g sucrose, 10 g KO, 2 g MgSQ .7H,0, 0.5 g NaN@, pH 5.5, 1,000



ml of wate). CZ, HYP and nitrite media allowedlentification of niaD, cnx and nirA
mutants, respectively.

Selfcompatibility was checked on trsarch medium of Cotty and Taylor (2003
Briefly, the contenbf the medium was as follows: 3 g NapyQ g K;HPQO,, 0.5 g MgSQ
.7THO, 0.5 g KCI, 36 g dextrose, 20 g starch (Difco), 2% agar, pH 6.0. Each plate was
inoculated with three mutantshe tester pair that defines the VCG in question and a nit
mutant of the isolate to be tested for membership in that VCG. Mutants were @laced
apart in a triangular pattern and incubated for 10 days at 31;jC. Compatiak identified
by a line of wildtype growth where the mycelia interaGomplementation between the two
mutants making up the tester pair was an internal control required for test to beBaadiul.

pairing was performed at least twice

2.2.4 Diversily index

VCG diversity was estimated following the analysis proposed by Martins et al. (2008).
Briefly, the ShannowienerOs HO index (Shannon and Weaver, 1949) was calculated as
follows: HO 2 #; [pi x In(p;)] wherep; is the proportion of individuals itheith VCG.

Evenness (E)a measure of the relative abundancegehotypes in a sample, was
calculated dividing HO for the natural logarithm of expected number of VGBS, was
estimated using the rarefaction meth@kganen et al., 201.1To contrast richness between
atoxigenic and toxigenic isolatesamongareas the expected number of VCGs was estimated
for sample size of 8Gg) and 21 (71), the smallest sample sizés subpopulations of
atoxigenic and toxigenic isolates or in theas, respectively.

The number of VCGs divided by the number of isolates is another measure of biological
diversity used for VCG diversity (Cheat al., 2007); itsvalue can range between 0 and 1,
with 1 signalling the maximum diversityith each isolateapresenting a distinct VCG

For the current study,ombardy and Piedmont were grougedorm theWestdistrict,
Veneto and Friuli Venetia Giuliaere grouped to form theastdistrict,and Emilia Romagna
was defined athe Centraldistrict. Diversity indexeswere calculated separately for atoxigenic
and toxigenic VCGs for each of the three distridBnly selfcompatible isolates were

considered for the analysis of VCG diversity.



2.2.5 DNA extraction, primer sequences and polymerase chain reaction

DNA was patrtially purified from each isolate with the Spore Lysis method of Callicott
and Cotty (personal communicatioR)ates of 5/2 agar, amended with 2% NaCl, were centre
point inoculated with 1% L of conidial suspension and incubated at 31iC for 7 dayeres
were transferred by sterile cotton swalt50! | of lysis buffer (30 mM Tris buffer, 10 mM
EDTA, 1% SDS, pH 8.0). Tubes were placed in the ThermoMixer at, &G0 rpm for 1
hour and centrifuged for 30 mit4,000 rpm.Supernatant (3701) was tansferred in a new
tube,combinedwith 370! | of 4 M ammonium acetate pH 4.8 and 7#4M@f ice-cold 100%
ethano) and placedt -20;C for 30 min.Following cooling tubes were centrifuged for 5 min
at maximum spee@nd the supernatantas discardedAfter air drying, thepellet was
suspended in 25l of sterile water prioand the DNAconcentratiorwas determinedavith a
spectrophotometer (NanoDrop 1000, Thermo Scientific, USA). DNA was extracted from 48
atoxigenic and 6 toxigenic isolates. In particulanew available, DNA was extracted at least
from 2 different isolates assigned to the same VCG. Among the toxigenic strains, the 6
highest producers were chosand DNA was extracted from only one member of each VCG.

Sequences of the nucleotide primershaf genepksA norA andverBand are reported
in Donner et al. (2010). Primers for the gehegA hexB aflJ, verA omtA vbs moxY, hypA
andglcA are described in Chang et al. (2005) awdB-cypAin Ehrlich et al. (2004). PCR
conditions are described Donner et al. (200).

Amplifications were performed in a 50 ul reacsarontaining 1X HotMaster PCR kit
(Eppendorf, Westbury, NY, USA), 50 pMol of each primer and 5 ng of template DNA.
Amplifications were performed in a MyCycler thermocycler @Rad Laboratories,
Richmond, CA, USA) and results were visualized with SIBR Gold after 1% agarose gel

electrophoresis.

2.3 Results

2.3.1 Aflatoxins production andnit mutants

The low number of isolatesvailable fromFriuli Venetia Giulia, Piedmont and Veneto
is partially due to the limited number of fields sampled; however, in ttissgcts climate
cause®ther fungi (mainly Fusariad dominate (Battilani et al., 2008).
Forty-six percent of isolateg64 isolate¥y were atoxigenic and the others (74 isolates) were

toxin producer.



Mutantswere generated from &alB8 isolatesvithin 10 dayson chlorate amended medium
total, 1656 mutant sectors were obtained aheénotyped revealing3% to beniaD (1,209),
19%nirA (315) and 8%nx(132). Only 55 (40%pf the 138 isolates evaluated producesd
mutants For VCGs lacking cnx mutants, tester pairs were developed ringkn and niaD

mutants.

2.3.2 Vegetative compatibility groups

Fourteenisolates weranot observedo complement themselves or other isolates within
10 daysand were excludeffom further VCA. It has not been investigated whether these
isolatesarein a single VCG or in multipleForty eight VCGs were obtained from the 138
isolates evaluated, on the sasf VCA. VCGs were designated with IT prefix for Italy and a
progressive number in order of discovery. VCGs foumnidaly can be divided ito atoxigenic
and toxigenicbecausenone of the studied VCGs contained both toxigenic and atoxigenic
individuals.

Of 25 atoxigenic VCGs, 14 contained only 1 isolate, 5 contained 2 isolates, 2 contained
3 isolates, 2 contained 4 isolates, 1 contained 8 isolates @ntdined 11 isolates (Table 1).
Members of 4 VCGAT4, IT6, IT15 and IT18were isolated at least two differentdistricts
Members of IT6 were isolated in all the years and in 4 of the 5 sadtiptedts

Twenty-three toxigenic VCGs were idefed; 18 of these had only ikolate and 5
contained respectively 3, 4, 5, 7 and 31 isolates (Tabler®y.3OvCGs(IT3, IT5, IT10, IT13
and IT25 were found in more than omstrictand in different years. Members of IT25 were

detected in 3 of the @istrictsexamined.

2.3.3 Diversity index

The overall Shannon index was 3.1CG diversity was lowest ithe West district (HO
= 1.87) compared to the Central (HO = 2.53) and East (HO = 3.20) districts (Table 3)
Component for both richnes&p;= 8.49 and evenness, E = 0.691, were lowest in the West
district. Lowest variability for West district was essemjialue to the richness component
(48.7 and 43.4 lower than,Gcealculated for Central and East, respectively) rather than to
evenness (27.3 and 26.0% lower than the E calculated for the Central and East districts,
respectively) (Table 3).

As regards thewo subpopulations, atoxigenic and toxigenic, variabilityswaso



estimated between the are@ibe highest HO value for the atoxigenic isolates was found in the
Centraldistrict (2.67) This value was 40.5 and 35.2% higher than the HO for the atoxigenic
isolates in the West and East areas, respectivedhnBss G; = 6.73 and evenness, 0942
were greater in the Qdral district than in theother two areas. The greater variability
estimated for the Central district was mainly due to the riche@sponent (30.5 and 22.7%
greater than gcalculated for West and East areas, respectively) rather than to evenness (5.8
and 5.6% greater than the E calculated for the West and East areas, respectively) (Table 3).
For the toxigenic subpopulations lowesdriability was observed in the West area
(1.27). In this case, richnessgj@nd evenness (E) contribute almost equally.
The overall VCG diversity index, expressed as the numbeW@iGs divided by the total
number of isolates, was 0.39. In particular Canid.64) and East (0.7 Hjstrictshadhigher
valuesthan the West district (0.27Diversity of toxigenic isolates wageatest in the East
district (1.00) andalsosmallest in the Wedlistrict (0.20) For atoxigenidsolates diversity
was greater inhe Central district (0.55) and East district (0.54) than in the West district

(0.46.

2.3.4 Aflatoxin biosynthesis genes

Thirteen fragmentsof genes from across the aflatoxin biosynthesis gene cluster and
nearby gene regions weemplified by PCR. All 13fragments were amplifiedor all 6
aflatoxin producer isolates. However, certain fragments did not amplify from DNA of several
atoxigenic isolates indicating gene deletion patterns similar to those previously described
(Chang et al., 2005; Yin, et al.,@® Donner et al., 20)Jor other atoxigenié\. flavus

Isolates assigned to the same VCG had identical deletion patterns, but identical deletion
patternswere found in multiple/CGs. Six different profiles were obtainéwm atoxigenic
isolates (Table 4).

Out of 48 atoxigenic isolates, 19 belonging to 8 different VG@&kthe entire aflatoxin
biosynthesis cluster deleted. Howewer, 15 atoxigenicisolates, assigned to 9 VCGs, all the
genes were detected (Table Membersof IT34 showed only the presencegh¢A andhypA
and members of IT1 and IT44ere lacking botmoxYanda regionfrom verAto the 30 end
of the aflatoxin cluster. Finallfor 9 isolates belonging to 4 VCGgene betweenverB and

cypAcould not be ampligd.



2.4 Discussion

Maize cultivated in Italyis principally dedicatect animal feed, in particular for dairy
animalfeed (Istat, 2011). High level of AFBcontamination in maize leado an increase of
aflatoxin My excreted into milkand, as a resulthe milk may exceed the European maximum
permissible leve(0.050! g/kg; EC, 206 2010). Generallyclimatic conditions in this area
are not favourable for AFs contamination; howevesgduced rainfall and increased
temperatureduring maizeproductioncan occur along with associatetevels of AFB in
excess othe legal limits (EC, 2010)This occurred ir2003 andto a lesser exteni) a few
following years (Battilani et al., 2008tven though contamination was an economic concern
during those years, deked investigations on the causal agents of the contamination episodes
have not been previously undertaken. The current work suggests that the L strain morphotype
of A. flavusis the primary cause of aflatoxin contamination in Italy.

Nitrate nonutilizing mutants (nit) were obtained with the rose Bengdhlorate
selection medium (Cotty, 1994) for all 138 isolates examined. This allowed elimination of
bias caused by media that only allow selection of mutants from a subset of a fungal
population.In agreement with othek. flavusVCG reports (Bayman and Cotty, 1991; Pildain
et al., 2004; Barros et al., 2006jaD mutantswereisolated in higher proportigthancnx
andnirA mutants. When availablenxmutants were preferred as testers for identifying VCGs
because usually they provide the strongest reactions between compatible isolates when pairet
with niaD or nirA mutants (Correll et al., 198and arethe most consistent f&fCA among
A. flavusnit mutants (Bayman and Cotty, 199Differences in proportions of the various
genes involved in nitrate assimilation and use have been frequently reported. However, the
mechanism byhesedifferencesoccur arenot understood. It has been suggested dither
physical size of the genesay play a role anthat some loci may be more susceptible to
mutation than others (Klittich and Leslie, 1988).

Out of the 138 A. flavus isolates testedor aflatoxinproducing abilityon maize
kernels 46%did not produce AFsThus, in the district of Italy sampled, based on the fungal
population analysed, there appears to be a tyfmalahcing selectiomaintaining relatively
equal proportions oatoxigenic and toxigeni@. flavus Similarly, Astoreca et al. (2011)
reported 38%of atoxigenic isolates of 8B. flavusstrains tested and isolated from poultry
feed, while an higher percentage of atoxigeAicflavus strains 72.5%) was found by

RazzaghiAbyaneh et al. (2006) that tested 58 Iranian isolates from lBowever, thisis



contrary to other reports where aflatoxin producers dominate. For exafgtes et al.
(2006) reported that the percentage of toxigehicflavus isolated from peanut soil in
Argentina was 95%. Similar results were reported by Sweany et al.)(@d@knalysed 867
A. flavusisolates from maize kernels aadil in Louisiana and found 6% atoxigenic isolates.

All VCGs were tested against both toxin producers and atoxigenic isolates and none of
the studied VCGs contained both toxigenic and atoxigeniwithhls. This is in contrast to
the previous report by Barros et al. (2006) that indicated presence of both atoxigenic and
toxigenic A. flavusin one VCG. In the current study, care was taken to transfer all isolates
twice serially by single spores in @dto avoid confusing results from mixed culturdsis
practice was not reported for the previous study and mixed cultures may have resulted in
association of a VCG with characters of accitivatedA. flavus. The prior paper also tested
the isolates o synthetic media which support lower levels of aflatoxins than maize kernels
(Probst and Cotty, unpublished results) but had a more sensitive limit of detection (1 ppb).

Diversity is influenced by richness (number of genotypes in a sample) and evenness
(how genotypes are distributed in a population). Generally, with the increase of the sample
size, a greater diversity is observed Yi@vald et al., 2003). In our study this trend was not
seen in the West district probably due to the limited variability inotyge differences
recorded among toxigenic isolates. The West district included 42 isolates sampled from a
single field;this is the likely cause of lower diversity despite a large sampleGizthe other
hand in the Central and East districts the valuglO is influenced approximately in the same
proportions by the atoxigenic and toxigenic VCGs. This indicated a good equilibrium
between atoxigenic and toxigenic VCGs in Central and East districts. This is due to the
smallest difference between the ag®aic and toxigenic for the E angggvalues in the
Central and East districts compare to the same differences in the West district.

Atoxigenic A. flavus have beensolated from diverse crops and sasl worldwide
(Cotty, 1994, Barros et al., 200Brobst,et al., 201} and successfully used to reduce AFB
produced by toxigenic isolates (Cotty, 20060 atoxigenic isolates oA. flavus AF36
(Ehrlich and Cotty, 2004) andRRL 21882 (Dorner, 2004are used commercially in the US
to reduce aflatoxin contamationof maize. These two atoxigenics aegisteredvith the US
EPA as biopesticidesHowever, the structure of the aflatoxin biosynthesis cluster differs
significantly between these twA. flavus AF36 hasremnants o&ll the genes in the cluster,

but asingle nucleotide polymorphism (SNP) in thigatoxin polyketide synthasgene(pksA



generates a stop codon tbatises early termination of transcripts and total inhibitiolFiB
production (Ehirlich and Cotty, 2004). On the other hand, NRRL 21882, atttive
component of AflaGuard (Dorner, 2004has a deletion that eliminates the entire cluster
(Chang et al., 2005).he current study indicates that maatpxigenicA. flavusisolates from
northern Italy have large deletions in the aflatdsiosyntheis gene clustesimilar to that in
NRRL 21882 withalmost 45%of the analyse@toxigenicVCGs lacking the entire cluster.
This result named pattern H, was firstported by Chang et al. (2005). They analysed 38
VCGs and 17 missed the entire cluster. Donner et al. (2@l®)d 11 of 21 atoxigenic
isolates from Nigeria had deletions in the cluster but, onlyof the analyse®&/CGs (about
5%) lacked the entire cltey. The otherdeletionpatterns detected in the current stuadg
comparableto deletionsfound in thepreviousstudies(Chang et al., 2005; Donner et al.,
2010).For example, the patreshared byiT18, IT32, IT40 and IT48 is similar to pattern C
and 9 \CGs have a pattern similar to patte/ (Chang et al., 2005). IT34 haspattern
reported by Donner et al. (2010) for 2 VC@gain, no deletions were detected among@he
toxigenic VCGs analyseds is consistent with current knowledge about the aflatoxin
biosynthesis cluster

VCA is a useful tool to estimate genetic diversity (Bayman and Cotty, 1991),
understand population dynamiesid evaluate measures to reduce aflatoxin contamination
(Pildain et al, 2004) The current workrepors for the first time te VCG structure ofA.
flavusresident in the major maize producing district$taly. In particular theelatively wide
distributions acrosdistrictsand yearsand high frequenciesf the atoxigeni&/CGsIT4, IT6
and IT18indicate that these VCGs are watlapted to environmental conditions and maize
production systems of Italy and as such are good candidates for development of aflatoxin
biocontrol agents targeted for this district.

Atoxigenic strains act primarily through competitive exclusion of afiatproducers
in the environment and during crop tissue infection. Atoxigenics with superior adaptation to a
district may allow for both better initial displacement of aflatoxin producers and better
survival between crops and thus letegm displacement pwiding for both longterm
(multiple year) and additive benefits. Additional information on the behaviour of these
atoxigenics during crop infection and within the ecology of the target agroecosystem will be

needed to choose the best atoxigenics for ubebgyical control agents.
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2.6 Hgures and tables
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Fig. 1. Locations from which maize samples were collected from -Z0®. Aspergillus
flavusused in the current study were isolates from these sainples.




TABLE 1. Distribution of vegetative compatibility groups (VCGs) among atoxigenic Italian
isolates ofAspergillus flavus

VCG Number of isolate$ Location® District ® Year
IT1 2 Pordenone (2) FVG 2003
IT4 8 Pordenone (2) FVG 2003
Udine (3) FVG 2003
Cremona (3) L 2008
IT6 11 Torino P 2003
Verona V 2003
Bologna ER 2004
Modena ER 2004
Piacenza ER 2004
Reggio Emilia ER 2004
Cremona (3) L 2008
Cremona L 2009
Modena ER 2010
IT8 1 Mantova L 2003
IT9 4 Forli-Cesena ER 2004
Reggio Emilia (3) ER 2004
IT12 1 Padova V 2003
IT15 3 Vicenza V 2003
Piacenza ER 2004
Ferrara ER 2010
IT17 2 Modena ER 2004
Ferrara ER 2009
IT18 4 Pordenone FVG 2003
Udine FVG 2003
Piacenza ER 2004
Reggio Emilia ER 2010
IT19 1 Parma ER 2009
IT20 1 Bologna ER 2004
IT21 1 Ferrara ER 2009
IT22 2 Cremona (2) L 2009
IT23 3 Ravenna (3) ER 2009
IT24 1 Alessandria P 2003
IT29 1 Cremona L 2008
IT31 1 Bologna ER 2010
IT32 1 Piacenza ER 2010
T34 2 Modena ER 2009
Parma ER 2009
IT38 1 Ravenna ER 2009
IT40 1 Ferrara ER 2004
IT41 2 Piacenza (2) ER 2004
IT43 1 Modena ER 2010
IT44 1 Bologna ER 2010
IT48 1 Udine FVG 2003

%|solates assigned to each vegetative compatibility group.

® Number in brackets indicates number of isolates that were collected at site. Absence of number
means only one isolate was collected.

°ER = Emilia Romagna&VG = Friuli Venetia Giulia. L = Lombardy? = Piedmont. V = Veneto.

All VCGs were tested againsbth toxin producers and atoxigenic isolates and none of the studied
VCGs contained both toxigenic and atoxigenic individuals.



TABLE 2. Distribution of vegetative compatibility groups (VCGs) among toxigenic Italian
isolates ofAspergillus flavus

VCG Number of isolate€  Location® District ® Year
IT2 1 Alessandria P 2003
IT3 7 Piacenza (3) ER 2004

Cremona (4) L 2008
IT5 31 Vicenza V 2003

Cremona (30) L 2008
IT7 1 Parma ER 2009
IT10 2 Milano L 2003

Modena ER 2004
IT11 1 Lodi L 2003
IT13 4 Brescia L 2003

Mantua L 2003

Venice \Y/ 2003

Cremona L 2008
IT14 1 Vicenza V 2003
IT16 1 Ferrara ER 2009
IT25 5 Vicenza V 2003

Ferrara ER 2004

Alessandria (3) P 2010
IT26 1 Udine FVG 2003
IT27 1 Udine FVG 2003
IT28 1 Padua V 2003
IT30 1 Modena ER 2009
IT33 1 Modena ER 2004
IT35 1 Reggio Emilia ER 2010
IT36 1 Parma ER 2010
IT37 1 Ferrara ER 2004
IT42 1 Parma ER 2010
IT45 1 Ferrara ER 2010
IT46 1 Venice \Y/ 2003
IT47 1 Brescia L 2003
IT49 1 Mantua L 2003

%|solates assigned to each vegetative compatibility group.

® Number in brackets indicates number of isolates that were collected at each site. Absence of number
means only one isolate was collected.

°ER = Emilia Romagna&VG = Friuli Venetia Giulia. L = Lombardy? = Piedmont. V = Veneto.

All VCGs were tested against both toxin prodgcand atoxigenic isolates andne of the studied

VCGs contained both toxigenic and atoxigenic individuals.
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TABLE 3. Shannon diversity index, richness and evennegsjpérgillusflavus populations
sampled in maize in three districts (West, Central and East) of northern Italy

Districts? Sample size  Ggpe G.° G’ Gy HO EY

West 58 15 15.00 4.45 8.49 1.87 0.691
Central 45 29 29.00 7.30 16.55 3.20 0.950
East 21 15 15.00 677 1500 253  0.934
West/atoxigenic (A) 13 6 6.00 4.68 N/A 1.59 0.887
Central/A 31 17 17.00 6.73 13.53 2.67 0.942
East/A 13 7 7.00 5.20 N/A 1.73 0.889
West/toxigenidT) 45 9 9.00 3.35 5,98 1.27 0.578
Central/T 14 12 12.00 7.23 N/A 2.40 0.966
East/T 8 8 8.00 8.00 N/A 2.08 1.000
Overall 124 48 48.00 6.42 13,74 3.19 0.824

#West = Piedmont & Lombardy. Central = Emilia Romagna. East = Ven&iudt Venezia Giulia.
Overall = Indicate all the isolates assigned into VCGs.

® Number of vegetative compatibility groups (VCGs) observed.

¢ Expected number of VCGs calculated for the correspondent sample)siztihated by the
rarefaction metho@Oksanen et al., 20].1

4 Expected number of VCGs calculated for a sample ofrsiz8 per subpopulation estimated by the
rarefaction method.

¢ Expected number of VCGs calculated for a sample ofrsiz&1 per population estimated by the
rarefaction metbd. This index was calculated only for subpopulations with large enough sample sizes.
N/A = not applicable.

" Shannon value for VCG diversity.

9 Evenness calculated by scaling the Shannon index by the expected number of VG@} tin(
adjust for sampleize dependence.

Table adapted from Martins et al. (2008)



TABLE 4. Different PCR amplification in the studiéd flavuspopulation

5559t sEs858s
Isolate VCG? AFBlb D & E¢S O g g cC © & £ o c>)‘
A2087 n.a. -
A2330 n.a. -
A2085 IT6 -
A2066 IT8 -
A2090 IT9 -
A2103 IT15 -
A2099 IT17 -
A2321 IT19 -
A2318 IT21 -
A2313 IT23 -
A2322 1T34 -
A2344 IT31 -
A2058 IT1 -
A2341 1T44 -
A2044 IT48 -
A2047 n.a. -
A2102 n.a. -
A2349 n.a. -
A2050 IT18 -
A2343 IT32 -
A2084 IT40 -
A2043 n.a. -
A2072 n.a. -
A2342 n.a. -
A2079 IT4 -
A2049 IT12 -
A2106 IT20 -
A2319 1T22 -
A2042 1T24 -
A2284 IT29 -
A2329 IT38 -
A2093 IT41 -
A2339 IT43 -
A2039 IT11 +
A2062 IT13 +
A2068 IT26 +
A2097 IT10 +
A2295 IT3 +
A2300 ITS +

#Vegetative Compatibility Group; n.a.= not available.
® AFB.: (+/-): aflatoxin and no aflatoxin production.
“Presence (grey box) or absence (empty box) of PCR products of the tested genes.
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3.1 INTRODUCTION

Aflatoxins are highly toxic metabolites produced by seveékapergillus species
(McKean et al., 200&Klich, 2007. Aflatoxin B, is a genotoxin classified by the International
Agency for Research on Cancer as a group 1A human carcinogen (IARC, 1982; 2002).
Chronic or acute (hepatitis, death) effects are linked to aflatoxins, according to-effdote
relationship. Aflatoxins caud®oth chronic effects (immune suppression, cancer) as a result of
ingestion of multiple low doses over long periods and acute effects (hepatitis, death) from
single or few exposures to high concentrations (Cardwell and Hen®). 200nost countries
regultions set strict limits on the concentrations of aflatoxiralBowed in food and feed
(Payne and Yu, 20)0These regulations have great influence on the value of both domestic
and imported crops, as well aseat, eggs, milk and their byproducts becaftaoxins can
be transferred to animal products from feed (Wu and Khlangwiset, 2010). In Italy in 2003
high levels of aflatoxin M hydroxylated metabolites of the aflatoxin, Bvere detected in
milk as consequence of contaminated maize used as feddifprcows(Giorni et al., 2007,

Piva et al., 2006)

Aflatoxin contamination of maize also is primarily causeddbylavusin Italy (Giorni
et al., 2007). This species is divided into many genetic groups called vegetative compatibility
groups (VCGs) by aheterokaryon incompatibility system (Bayman and Cotty, 1993).
Characteristics that are highly variable within the species like aflapwrithucing ability,
morphology of sclerotia and production of conidia, are less variable among isolates within the
sameVCG (Cotty, 1989).

Several biological control strategies based on bacteria, yeast or fungi with the intent of
reducing preharvest aflatoxin contamination have been developed (Dorner, 2004t al.,

2009 Hell and Mutegi, 2011). Among these, biological control with atoxigenic straiAs of
flavusis the most promising (Amaike and Keller, 2011). Atoxigenic strains displace aflatoxin
producers during crop dele@ment resulting in aaflatoxins contaminatioreduction(Cotty
andBayman, 1993; Cotty2006. Currently there are biopesticide registrations with the U.S.
Environmental Protection Agency for use of atoxigeAicflavus for reducing aflatoxin
contamination of maize, peanut, cottonseed, and pistach@stwo registered atoxigenic
strains were used on thousands of hectares of commercial crops i{Cifyi personal

communication)



Competitive exclusion of aflatoxin pdacers both in the environment in which the
crop is developing and in crop tissues is the main mechanism through which atoxigenic
strains influence contamination. However, secondary mechanisms also exist in direct
interference withaflatoxin producers thrgh stillundefined mode of actiofMehl and Cotty,

2010; Huang et al., 2011)

In northern Italy, high levelsf aflatoxins can be detected mmaize (Battilani et al.,
2008) producing significant economic losses and safety risk. So, efficient strategidade
aflatoxins contaminations astrongly requested by farmers.

The current study evaluaé¢he ability of atoxigenic isolates &. flavus collected
from maize ears in Italy to reduce aflatoxins contaminaitiowitro. The most efficient as
candidatebiocontrol agentsandidate®n maize in the northern Italyave been selected and
the effect and the efficiency of two ratios between atoxigenic and toxigefiesszuson toxin

containment were also considered.

3.2MATERIALS AND MET HODS

3.2.1Fungal isolates and culture conditions

Seven aflatoxirproducing and 19 atoxigenic isolates Afflavus were used in this
study (Table 1).Isolates from Italy were previously collected in 4 districts of northern Italy
from 2003 to 2009Giorni et al., 2007; Maur et al., in preparatigrand areincluded in the
culture collection of the Institute of Entomology aRtant Pathology of the Universit®
Cattolica del Sacro Cuore of Piacenza, It&ljRRL 21882, the active ingredient of the
AflaGuard bigesticide (Dorner2004)and AF13 (Cotty, 1989) both from United States were
also included in these studies for comparison with isolates from Italy. l#alilavuswere
isolated and identified by Giorni et al. (2008olates were transferred by single conidium,
cultured on 5/2 agarg% V8 juice, 2% agar, pH 5.2,000 ml of watgrand incubated at 31;C
for 5-6 days prior to transferring culture plugs (eight to ten 3 mm diameter) to vials containing
sterile water (2.5 ml) for storage 8;C (Probst et al.,, 2011). The esofadm Italywere
previously examined for aflatoxin production and categorizénl WCGs (Mauro et al., in

preparatioi



3.2.2 Co-infection of viable corn kernels with atoxigenic and toxigenic isolates OA.
flavus

Conidia from 6 day cultures 81;C, dark) were collected from the culture surfaces
with cotton swabs, suspended in sterile distilled water, and spore concentrations adjusted as
previously describe¢Probst et al., 2011). Briefly, a turbidity meter (Model 965 Orbece
Hillige, Farmingdale NY), was used to quantify concentratsoof conidiain suspensions
using a nephelometric turbidity unit (NTU) versus CFU culwe:49937X, whereX = NTU
andY = conidia/ml. Conidial concentration for each isolate were adjusted”tooh@ia/ml.
Undamaged kernels of Pioneer hybrid 33B50 were surface sterilized in hot water for 45 s at
80;C (Mehl and Cotty, 2010) and dispensed in sterilized glass flask (10 g of maize ymek 250
flask). Flasks then were sealed with -p@smeable BugStger (Whatman, Piscataway, NJ)
plugs to prevent humidity loss and allow gas exchange. After sterilization, maize moisture
level was quantified with a HB43 Halogen Moisture Analyzer (Mettler Toledo, Columbus,
OH) and the volume of water in which the atoxigesind toxigenic spore suspensions were
applied to the kernels was adjusted to bring the maize water content to 25%. Conidia of
atoxigenic and toxigenic isolates were added to the flasks simultaneously and then the flasks
were gently agitated to allow kel coating. Control flasks received the same quantity of
water but containing only toxigenic spores. Inoculated maize was incubated at 31iC for 7
days in the dark. Tests had a completely randomized design with four replicates. All tests
were performed tvae.

Influence of thetalian atoxigenic strains on aflatoxin contamination of viable maize
kernels was examined in three different types eindéection studies.

In the first set of experiments, all 18 Italian atoxigenic isolates were compared with
NRRL 21882 for ability to reduce contamination of kernelsAspergillus flavusAF13, an
A. flavusisolate commonlysed in laboratorgnd field tests (Cotty, 1989

In the second set of experiments, the ability of two atoxigenic isolates from Italy to
reduce #atoxin contamination of maize was compared among six aflatoxin producing
isolates ofA. flavusfrom Italy. Each aflatoxifproducer belonged to a separate VCG. One
atoxigenic isolate evaluated in test two (A2085) belonged to the most prevalent VCGnfound i
the area (IT6; Mauro, et al. in preparation) and the second (A2321) is the isolate that caused
the greatest aflatoxin reduction in the initial experiments. The toxigenic saletethe
strongest producer of aflatoxins found in the populatioA.dfavus analysed in a previous

work (Mauro, et al. in preparation). Viable maize kernels surface sterilized as above were



inoculated {0° conidiaper flask)either with one of 6 aflatoxiproducing VCGs endemic to
Italy alone or with both one of the aflatoxinoducers and one of the two atoxigenic strains
simultaneously with equal quantitiesOf) of conidia in sufficient water to bring the kernel
water content to 25% and incubated as above.

In the third set of experiments, the ratio of atoxigeniaftatoxin-producer was varied
in order to see the impact of a reduced frequency of atoxigenic strain on the extent to which
corn kernels become contaminated. The 5 atoxigenic isolate from Italy most effective at
reducing aflatoxin contamination in the ialt experiments and NRRL 21882 from North
America were used in these experiment. As in the prior two sets of experiments viable maize
kernels were inoculated simultaneously with both atoxigenic and aflgboaducing isolates
at a rate of 10conidia per flask. The quantity of each atoxigenic isolate used was varied so
that kernels were inoculate with either equal quantities of conidia from both atoxigenic and
aflatoxin-producing isolates or one quarter as many atoxigenic conidia as cooiaizhe
aflatoxin-producer.ln the third set of experiments, the aflatoxin producer AvdlvusAF13

and incubation was under the conditions outlined under the first set of experiments.

3.2.3Aflatoxins quantification

Kernelsinfection by theA. flavusisolates was terminated at the end of the incubation
period by blending kernels in 50 ml of 80% methanol. The homogenate was passed through
Whatman No. 4 filter paper and spotted directly on-tAyer chromatography (TLC) plates
(Silica gel 60; EMD, Darmsatdt, Germany) beside aflatoxins standards (AFS-B,, AFG,
and AFG; Aflatoxin Mix kit-M; Supelco Bellefonte, PA). Plates were developed in ethyl
etheBEmethandbwater (96:3:1), akdried, and aflatoxins were visualized under -3 UV
light. Aflatoxins wee quantified directly on TLC plates with a scanning densitometer (TLC
Scanner 3; Camag Scientific Inc, Wilmington, NC, USA). The protocol feltbivad a limit
of detection of 20 g/kg. (Probst et al2011).

3.2.4Statistical analyses

Randomized complete block designs with four replicates were used in all experiments.
Aflatoxin concentration was log transformed and percentage reduction was arcsine
transformed prior to analysis of variance (ANOVA). ANOVA was performed with the

general Ihear model procedure of SAS (version 9.2; SAS Institute, Cary, NC). Mean



separations were performed on data from experiments with statistically signifcari.Q5)
differences using TukeyOs Honestly Significant differéast (Pagano and Gauvreau, 300
Mean differences in aflatoxin levels (percent difference between inoculated maize and control
maize treatments) were calculated a®[1otal aflatoxin content in maize génoculated with

both toxigenic and atoxigenic isolatesAfflavugtotal aflatain content in maize inoculated
with the toxigenic isolate alon€)] 100. In the formula the toxigenic isolate is represented by
AF13 in the first and third experiment and by Italian aflatoxin producers in the second
experiment. The efficiency (E) of eadbolate was calculated following the formuta=
R/(A/A+T); where R is the percentage of aflatoxin reduction and the denominator is the
percentage of the tot#l. flavusinoculum made up by the atoxigenic isolate (A). A is the
quantity of atoxigenic straiand T is the quantity of aflatoxiproducer.All analyses and

calculations were performed with SAS.

3.3RESULTS

3.3.1Efficacy of Italian atoxigenic isolates

Co-inoculation of aflatoxirproducer AF13 with any of the 18 Italian atoxigeAic
flavusisolates lowered maize kernel aflatoxin @®ntent compared to the aflatoxin content of
kernels inoculated with AF13 alone (Table 2). Kernels inoculated with AF13 alone averaged
146 ppm aflatoxin Band those inoculated with both AF13 and one of theahaditoxigenic
isolates had beeen 61% and 91% less AEBHalf (9) of the Italian isolates reduced the
aflatoxin content greater than 80%. The 5 most effective isolates belonged to 5 different
VCGs, originated from two districts, Lombardy (1) and EmRamagna (4) and were
collected in 2003 (1), 2004 (3) and 2009 (1) (Table 1).

3.3.2Behaviours of two Italian atoxigenic isolates

Both Italian atoxigenic isolates, A2085 and A2321, reduced aflatoxin B
contamination of viable maize kernels by all 6 aflatgxroducing Italian isolates evaluated.
The Italian aflatoxin producers contaminated the kernels with betwearp 1@ 98 ppm
aflatoxin B, when inoculated onto kernels individually. The extent to which contamination of
maize kernels with aflatoxinBoy the 6 aflatoxin producers was reduced by the atoxigenic
isolates ranged from 61 to 78% for atoxigenic isolate A2085 and from 61 to 83% for

atoxigenic isolate A2321. Atoxigenic isolate A208&used similar reductions (60% up to



68%) in aflatoxin content fdkernels inoculated with 5 of the aflatoxin producers but caused
significantly greater reductions (78%) in kernels inoculated i aflatoxin producer
A2039 (Table 3). The other atoxigenic isolate (A2321) also was most effective at reducing
contaminationcaused by A2039 as compared with contamination caused by the other
aflatoxin producers. However, A2321 had a broader range of efficacy (61% to 83%) than
A2085 and reduce contamination by two isolates (A2097 and A2300) significantly (P<0.05)
more than A20B. Both atoxigenic isolates were most effective at reducing contamination by
A2039, the isolate that contaminated maize with the greatest quantities of aflatoxin B
However, the ability of aflatoxin prodacs to contaminate maize waserrelated with the
extent to which the atoxigenics reduced contaminat&2085: r = 0.947; P < 0.01; A2321:
r=0.823; P < 0.0p

3.3.3 Influences of the ratio of atoxigenic strain to aflatoxin producer on contamination

Maize kernels inoculated with equal quantities of atemig and aflatoxifproducing
isolates became contaminated with significantly less aflatoxthdh kernels inoculated with
one quarter as much atoxigenic as aflatoxin producer (Table 4). In the ratio 1:4, aflatoxin B
ranged from 56 to 86 ppm and in tlaio 1:1 aflatoxin Branged from 20 to 44 ppm. Percent
reductions ranged from 24% to 50% for the 1:4 ratio and from 61% to 83% for the 1:1 ratio.
However, on average, atoxigenic isolates had greater efficiency (E = the percent reduction
adjusted for thg@roportion of the inoculum composed by the atoxigenic) when applied at the
one quarter rate than at the one to one rate (Table 4).

The efficiency of isolates tested at 1:4 ranged from 1.20 to 2.52 and at 1:1 from 1.21
and 1.65. For both ratios the lowesficiency was expressed by the isolate A2066 and the
highest by the isolate A2321. However, significant individual differences in efficiency
between the two ratios occurred only for the isolates A2090, A2103 and A2321.

3.4DISCUSSION

Aflatoxin contamination is a health and economic problem worldwiith annual
losses worth over 500 million US dolla(€AST, 2003; Yu et al., 2005)As a result,
considerable effort has been directed at developing strategies to prevent or reduce aflatoxin
contamiration especially in several key crops: groundnut, maize, cottonseed, pistachio, and

pepper. Use of cultivars with reduced susceptibility to aflatoxin contaminadiemry et al.,

! (%



2009), use of agronomic practices to reduce effects of drought and heaasttgsoper plant
nutrition, (Bruns, 2003)can helpin reducing aflatoxins in maize. In addition to these
strategies biological control based on use of atoxigenic isolate&. dfavus able to
competitively exclude aflatoxins producer has efficacy onoogtpeanuts,pistachiosand
maize Cotty and Antilla, 2003Yin et al., 2009; Doster et al., 200Afehnkeng et al., 2008)
and in areasof the US most severely affected by contamination, biological control with
atoxigenic strains has rapidly become the preferred method for aflatoxin mitigatitre
northern portion of the Italian peninsulajhere aflatoxin contamination of maize was
economically important during 2003, flavuscommunities associated with maize production
have been characterize®i¢rni et al., 2007; Mauro et al., in preparati@nd atoxigenic
strains endemic to Italy identified. However, this work is the first to tifasimely compare
among the Italian atoxigenié. flavus for ability to displace aflatoxin producers during
infection of viable maize kernels and to contrast performance of the Italian atoxigenics with
an atoxigenic strain used commercially for aflataxiigation in North America.

The lalian isolates reduce aflatoxin coniaation of maize with efficacgimilar to
those reported for atoxigenics from loAmerica (Mehl and Cotty, 201@nd Africa (Probst
et al., 2011). The extent to which 12 of the i#tal isolates reduced contamination was
statistically equivalent to NRRL 21882, an isolate native to North America and the active
ingredient of a product with a biopesticide registration for aflatoxin mitigation on maize.
However, there were consistent diftnces among the lItalian isolates in efficacy providing a
criterion for selecting among atoxigenic strains endemic in Italy for entrants into aflatoxin
mitigation field trials. Ability to displace aflatoxiproducers is probably a muljenc trait
(Mehl and Cotty, 201pand variance in competitive ability may be attributed to variability in
several traits including variation in life strategy. Isolates with a predominantly sporulating life
strategy (Mehl and Cotty, 2010) may provide superior displaceniesfladoxinproducers
during epidemic increases M flavuspopulations during crop contamination epidemics, but
be rated low in the viable kernel assays due to lower competitiveness during kernel invasion.
Field evaluations comparing strains varying atdratory assays are needed to confirm the
value of such assays for optimal selection of aflatoxin biological control agents.

In the current study, isolates A2085 and A2321 displayed greatest efficacy in reducing
aflatoxin contamination. Atoxigenics were effective against diverse aflatoxin producers

independent of the quantity of aflatoxins produced in control kernels inoculdtedflatoxin



producers alone. This wide efficacy of both of the evaluated atoxigenics (Table 2) indicates
that these isolates may have utility against widely differing communities of aflatoxin
producing fungi. The atoxigenics originated from the mosntgmt Italian maize producing
regions requiring occasional aflatoxin mitigation and they were effective against toxin
produces from the same regions andhighly toxigenic one from the US. These data suggest
the atoxigenics have the potential to be wjidekeful when needed for mitigation of
aflatoxins in Italy.

A measurement of Efficiency (E), the proportional ability of a given proportion of
atoxigenic strain to reduce contamination, was evaluated for two proportions of atoxigenic
strain 1:1 and 1:4 irthe currentstudy with the smaller proportion of atoxigenic strain
expressing a higher E. An efficiency of 1 means toxin was reduced proportionately to the
percent atoxigenic strain inoculated (50% atoxigenic strain causing a 50% reduction in
aflatoxin hasan efficiency of 1). E>1 indicates aflatoxin is reduced by an atoxigenic strain to
an extent greater than that explained the its proportion in the inoculum. Increased E indicates
an improvement in the amount of aflatoxin reduction each unit of atoxigehieves. In the
current study, reduced proportions of atoxigenic were associated with increased E. This
suggests atoxigenics act efficiently even when present at low proportions in nature to
modulate aflatoxin production by the overall fungal communitiatekin production.
Furthermore, low proportions of multiple (perhaps many) atoxigenics may result in better
aflatoxin reductions than the same level of displacement by a single.isolate

The current study identified several potential atoxigenic strainobtoal agents for
mitigating aflatoxin contamination in northern Italy. The most effective five Italian atoxigenic
isolates caused reductions in contamination of viable maize kernels similar to a commercial
product registered as a biopesticide in the UWhiBtates. The identified atoxigenics are
endemic to the target regions in Italy. Endemic atoxigenics are thought to offer several
advantages over introduced isolates including improved environmental safety and better
adaptaion to the target region (Probettal, 2011). Better adaptation to the local environment

may allow for both increased efficacy in the treated crop and greater carryover between crops.
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3.6 Figures and tables

Table 1.Aspergillusflavusisolates

Isolate? VCG” AFB;° Location District Year
A2049 IT12 - Padova \% 2003
A2066 IT8 - Mantova L 2003
A2085 IT6 - Reggio Emilia ER 2004
A2087 n.a. - Reggio Emilia ER 2004
A2088 IT9 - Reggio Emilia ER 2004
A2090 IT9 - Reggio Emilia ER 2004
A2096 IT9 - Reggio Emilia ER 2004
A2098 IT6 - Bologna ER 2004
A2100 IT18 - Piacenza ER 2004
A2102 n.a. - Piacenza ER 2004
A2103 IT15 - Piacenza ER 2004
A2105 IT6 - Modena ER 2004
A2313 IT23 - Ravenna ER 2009
A2319 IT22 - Cremona ER 2009
A2320 IT22 - Cremona ER 2009
A2321 IT19 - Parma ER 2009
A2322 T34 - Modena ER 2009
A2323 IT23 - Ravenna ER 2009
NRRL 21882 - Georgia (USA) 1991
A2039 T11 + Lodi L 2003
A2062 IT13 + Venezia \% 2003
A2068 IT26 + Udine FVG 2003
A2097 IT10 + Modena ER 2004
A2295 IT3 + Cremona ER 2008
A2300 ITS + Cremona ER 2008
AF13 YV13 + Arizona (USA)

2 All isolates came from Italy except tiNRRL 21882 and AF13 which originated in the United States
of America (USA).

®\/egetative Compatibility Group; n.a.= not available.

¢ AFB:: (+/-): aflatoxin and no aflatoxin production.

¢ talian regions: ER = Emilia Romagna, FVG = Friuli Venetia Giulia Lombardy, V = Veneto.

¢ Year of isolation.



TABLE 2. Ability of 18 atoxigenic isolates @&spergillusflavusto reduce aflatoxin B
production in maize

Isolate® VCGP ppm AFB;° R (%)%
A2321 IT19 15 H 90 A
A2103 IT15 21 GH 85 AB
A2090 IT9 22 FGH 85 ABC
A2066 IT8 23 EFGH 85 ABC
NRRL 21882 24 EFGH 84 ABC
A2085 IT6 25 EFGH 83 ABC
A2088 IT9 27 EFG 82 ABC
A2105 IT6 27 DEFG 81 ABC
A2313 IT23 28 DEFG 81 ABCD
A2098 IT22 29 CDEFG 80 ABCD
A2096 IT6 30 CDEFG 79 BCD
A2102 n.a. 32 BCDEFG 78 BCDE
A2319 IT22 33 BCDEFG 78 BCDE
A2049 IT12 39 BCDE 73 CDEF
A2320 IT9 41 BCDE 72 CDEF
A2087 n.a. 47 BCD 68 DEF
A2322 IT34 51 BC 65 EF
A2323 IT23 54 BC 62 EF
A2100 IT18 57 B 61 F
AF13 YV13 146 A 0 G

2 Atoxigenic isolates were inoculated with AF13 at 1XtOnidia/ml. NRRL 21882 is the active
ingredient of the AflaGuard biopesticide. AF13 produces aflatoxins.

®\egetative compatibility groups of isolatesa.= not available.

¢ Aflatoxin B; concentration (ppm) after 7 days incubation of infected kernelsamulated with
atoxigenic and aflatoxiproducing isolates.

 percentage aflatoxin reduction (R) = [fotal aflatoxin in ceinoculation/total aflatoxin in AF13)] x

100.

¢ Letters indicée significant differences among isolates. Combined data from two independent trials
(P<0.05) are presented.



Table 3. Reduction of two atoxigenic isolates Adpergillus flavus from Italy in maize
contaminated with aflatoxins produced by 6 Italian isolates 6avus

a ¢ ppm AFB,* R (%)"
Isolate™  ppm AFB, A208F  A2327F A208% A232T
A2039 98 A 22 A 17 A 78 A 83 A
A2062 35 BC 11 BC 8 B 68 B 78 AB*
A2068 41 B 16 AB 16 A 60 B 61 C
A2097 29 C 11 BC 8 B 61 B 71 BC
A2295 23 D 8 CD 7 BC 65 B 71 BC
A2300 17 E 7 D 5 C 60 B 72 BC*

4 Toxigenic isolates.

® A2085 and A2321 atoxigenic isolates wereitoculated at the same time of toxigenic isolates at
1x10 conidia/ml.

¢ Aflatoxin B; concentration (ppm) after 7 days in infected kernelinogulated with atoxigenic and
toxigenic isolates.

¢ percentage aflatoxin reduction (R) = [l(total aflatoxin in ceinoculation/total aflatoxin in
respective toxigenic isolate)] x 100.

¢ Efficiency (E) was calculated following the formula: E= R/(A/A+T ); where R is the aflatoxin
reduction and the denominator term represents the percentage of atoxigenic in each treatment.

" Letters indicate significant differences among isolates (coljinnéndicate differences among
atoxigenic isolates (rowsfombined data from two independent trials (P<0.05) are presented.

Y



Table 4. Influence of atoxigenic and toxigenic ratiog.gfergillus flavus on reduction of aflatoxin Bproduced by toxigenic isolates &f flavus

a ppm AFB,“ R (%)* E®'

Isolate ; 117 1.4 EE; ; 117
A2066 86 B 44 B* 24 D* 61 B 1.20 C 1.21 B
A2085 70 CD 31 B* 38 BC* 72 AB 1.90 B 1.45 AB
A2090 76 BCD 37 B* 33 BCD* 67 B 1.66 BC 1.35 AB*
A2103 68 D 34 B* 39 AB* 70 AB 1.97 AB 1.39 AB*
A2321 56 E 20 C* 50 A* 83 A 252 A 1.65 A*
NRRL 21882 83 BC 40 B* 26 CD* 65 B 1.30 C 1.29 B
Mean 73 34 * 35 * 70 1.76 1.39 *
AF13 113 A 113 A E E E E

*NRRL 21882 is the active ingredient of tha-Guard biopesticide. AF13 produces aflatoxins and it represents the positive control.

® Atoxigenic (A) and toxigenic (T) isolates were-itmculated at 1x10conidia/ml in two ratios: (a) one fifth atoxigenic and 4 fifth toxigenic (1:4)

and (b) equal proportions (1:1).

¢ Aflatoxin B; concentration (ppm) after 7 days in infected kernelsooulated with each of atoxigenic and toxigenic isolates.

9 percentag aflatoxin reduction (R) = [4(total aflatoxin in ceinoculation/total aflatoxin in AF13)] x 100.

¢ Efficiency (E) was calculated following the formula: E = R/(A/A+T ); where R is the aflatoxin reduction and the denoreinateptesents

the percentage of atoxigenic in each treatment.

" Letters indicate significant differences among strains (columns); * indicate differences among treatment€¢robised data from two independent
trials (P<0.05) are presented.



CHAPTER 4

Biocontrol field trials to evaluate the
efficiency of selectedbiocontrol agents



4.1 Introduction

Aflatoxins (AFs), in particular AFB are among the most toxic natural compounds
with demonstrated cancerogenic effect on humans (Wang and Tang, 2@af)xins are
secondary metabolites produced by several speciAsp#rgilluson important commodities
like maize (Klich, 2007. The princpal responsible of AFs contamination on maize is
Aspergillusflavus (Giorni et al., 2007). In Italynaize growing area is mainly located in 5
districtsthat supply 89% of the national production (Istat, 2011). THesdectsareplaced in
the north of thgeninsula wergenerally,the climaticconditions are not favourable for AFs
contamination; howevereduced rainfall and increased temperatiugng maizeproduction
can occuralong with associatetevels of AFs in excess dhe legal limits (EC, 2010)
Unfortunately, in 2003 for the first time, Mdevels of AFsveredetected (Giorni et al., 2007,
Piva et al., 2006).

Although several strategies have been applied to reducehaprest AFs
contaminationpiological controlwith atoxigenic strains oA. flavusis the most promising
(Amaike and Keller, 2011). Atoxigenic strains displace aflatoxin producers durop cr
developmentvith a consequent reduction in Alcontamination (Cotty and Bayman, 1993;
Cotty, 2006;Atehnkeng et al., 200®orner, 2009 Agergillus flavusbiocontrol agents are
commercialized on coated seeds. (wheat, barley, sorghum) to facilitattee application in
field andto offer a substrate for fungi growth, sporulation and consequent dispersion on
developing plants (Antilla an€otty, 2004). However solid preparations supgmth the
residence in fields and spation for relatively long periods and, as a result, provide a
window of influence that extents considerably beyond application date (Cotty, 2006).

Efficacy of biocontrol agents belonging Aoflavusto reduce AFB1 contamination on
different crops in field is well documented. Dorner et al. (1998) found a reduction in AFB1
contaminations orpeanuts from 74.3 to 99.9%applying on the soil 9 or 227 Kk,
respectively, of wheat coated with atoxigeAicflavus In an experiment on maize field in
Georgia, similar results were obtained (Dorner et al., 1999). In particular a reduction in AFB1
concentration of 87% and 66% were achieved with 225 kg/ha aBk@gha, respectively, of
atoxigenicA. flavusgrown on wheat seeds. Also Abbas et al. (2006), in a corn field, observed
a reduction in AFB1 contamination between 65 and 95% applying 20 kg/ha of wheat coated

with atoxigenicA. flavus



AFs contamination mducesignificant economic losses and safety risk. So, efficient
strategies to reduce aflatoxins contaminations are strongly requested by farmers. The curreni
study sought to evaluate the ability Bfatoxigenic isolates oA. flavus to reduce AFs

contamiration in a maize field

4.2 Materials and Methods
4.2.1 Isolates oA. flavus

Five atoxigenic isolates, A2066, A2085, A2090, A2103, and A2324 tihvuswere
used in this study. These isolates were selected betaeshowedin vitro the highest
efficacy in AFB1reductionwhen ceinoculated withhigh toxigenic straiMauro et al., in
preparation) VCG, location, district and year of isolation and the percentage of reduction of
AFB1 are listed in Table 1.

Table 1. Characteristics of 5 atoxigeAspergillusflavusstrains used for in filed trials.

Isolate® VCGP Location District® Year Sourc€ R (%)’
A2066 IT8 Mantova L 2003 maize 85
A2085 IT6 Reggio Emilia ER 2004 maize 83
A2090 IT9 Reggio Emilia ER 2004 maize 85
A2103 IT15 Piacenza ER 2004 maize 85
A2321 IT19 Parma ER 2009 maize 90

¢ All isolates came from lItaly.

®\Vegetative Compatibility Group.

¢ Italian districts: ER = Emilia Romagna, L = Lombardy.
Year of isolation.

®Maize kernels

f Percentage aflatoxin;Beduction

The 5 isolates weralsoanalysed for deletion in the aflatoxin biosynthetic gene clustealand

isolated missed the entire clus{sftauro et al., in preparation)

4.2.2 Inoculum preparation

Sorghum was used as the inoculant carrier. AlImost thirty kg, divided in 5 bags, of
sorghum seeds were autoclavated for 20 min at 121;C. Starter cultufedlavus were
grown on Czapek agar ind@n Petri dishes at 280;C for 6 days in the dark. Conidieere
dislodged from each plate with 5 ml of sterile distilled wated adjusted at 2Gpore/ml

prior to inocuétion Five ml of spore suspension of each isolates were used to inoculate

! "%



almost 6 kg of sorghum seeds. Sorghum was incubate 2Qj28for 10days in the dark and
manually shaken every dajpll sorghum aliquots were combined togethmeior of field

applications.

4.2.2 Field study experimental design

The hybridDeKalb 6286 was planted at a rate7oplants/haon April 20" 2011in an
almost 2 ha field located in Modena, Emilia Romagna district. The treatments were: (1)
distribution ofinfected sorghum(2) spray againgDstrinia nubilalis (European Corn Borer
ECB) and @) no treatmerst(Test) Inoculations were made at maize growth stage eVV8
by tractor spreader at rate of 35 kg/ha. The field, almost 200 m xn1@@s divided in 9
plots. The treated plo{d and 2)were 10 m large and the ntreated plots 14 m large and
both were200 m bng shared in 3 replicates. (GBeptembe™, 10 plants, inthe middle of

each plotwere sampled.

4.2.3Evaluation of European corn borer ©. nubilalis)
Damagescaused byECB were evaluatedn the ears sampled based on 6 different

typesof lesion produced (Table Battilani et al., 20111

Table 2. Scale for the European corn borer (ECB) attack assessment. The score was based ¢
the presence of visible signs in different parts of the ear

Visible signs Value
Symptomless ear

at earapex

at ear apex + centre

at ear apex + centre + base

at ear apex centre

at ear apex centre + base

at ear apex + base

at ear base

at ear peduncle

apex + centre + base + peduncle
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4.2.4 Aflatoxinsquantification

Prior to AFs extractiorgorn ears werée-huslked,the kernels dried at 45;C for 5 days
and milled Aflatoxins were analyzed according to the method of Stroka et al. (1999).
Aflatoxins were extracted from 25 g of sample with 250 ml methanol:water (8@\20,
using a rotaryshaking stirrer for 45 min. After filtration through filter paper, 5ml of the
filtrate was diluted with 45nl of distilled waterand the solution was purified through an
immunoaffinity column (RBiopharm RAWe Ltd, Glasgow, UK)Aflatoxins were elutedrom
the columnwith 2.5 ml of methanolThe eluate, concentrated to 1.0 ml under a gentle stream
of nitrogen, was brought to 2 ml with acetonitrile:water (25:75);wve extract was then
filtered (Millipore Corporation, Bedford, MA, USA1V 0.45 mm) and injected\nalysis was
performed using an HPLC instrument consisting of twe1¥B80 chromatographic pumps, an
AS 1555 sampling system, a FP 1520 fluorescence detector andclposh derivatization
system (Jasco Corpation, Tokyo, Japg. A Superspher RR8 column (Merck) was used at
ambient temperature with a mobile phase of water:methanol:acetonitrile (64:23:13,v/v/v) at

1.0 ml miri*. The detector was setlat = 365nm and em = 440nm(Pietri et al., 2009)

4.3 Consideration

The trial was conducted in an area of northern Italy were frequent contaminations of
AFs have been reported (Battilani, personal communication). Weather conditions registered in
the area of the field experiment are reported in Fig. 1. Date showed imafirstf July close
to the silking stage the presence of rain and low temperature. Silking stage has been
demonstrated as the most susceptible for AFs contamination and the production is favoured
by dry weather and high temperature. In our case rain regisbeefore silking stage could
have limited A. flavus infection and AFs production. In fact, our preliminary analysis
conducted on 8 samples from the untreated plots, showed that aflatoxins were detected only in

one sample. However other analysis are @tilgpoing and results are not yet available
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maize growing season in 2011.
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Maize aflatoxin contamination is economically important in Northern Italy. There are few
tools for limiting aflatoxins in commercial maize production; one highly successful strategy
used in the USA is biocontrol with atoxigemispergillus flavusThe prinary causal agent of
maize contamination ié. flavus However, some native genetic groups (called vegetative
compatibility groups or VCGs), oA. flavuslack ability to produce aflatoxins and can
competitively exclude aflatoxin producers and thereby lorgp contamination. Atoxigenic
VCGs of A. flavusare used commercially in the USA to prevent aflatoxin contamination of
several crops and similar atoxigenic VCGs may be of value in Italy. For optimal efficacy and
safety, candidate VCGs must be selectedhftbe region in which they will be used. The
current study sought to select VCGs of potential use in biocontrol from northern Italy and to
evaluate the capacity of atoxigenic VCGs native to that region to reduce aflatoxin in viable
maize kernelsAspergilus flavuswas isolated from maize grown in Emilia Romagna, Friuli
Venezia Giulia, Lombardia, Piemonte, Toscana and Veneto between 2003 and 2010. Isolates
(139) were tested for aflatoxin producing capacity on autoclaved corn. Complementation tests
between itrate nonutilizing auxotrophs placed isolates into 49 VCGs of which 24 contained
only atoxigenic isolates. The most common atoxigenic VCG composed 8% Af flayus

and was isolated from 4 of 6 regions. Atoxigenics varied in capacity to reduce aflatoxi
viable maize; the five best VCGs reduced kernel aflatoxin content over 80% with the best

reducing contamination 91%.

Work partially supported by Emilia Romagna region in collaboration with the Research Centre for
Crop Production (CRPV)



CHAPTER 6

General conclusions



This research would contribute to develop biocontrol agents @&avus with the intent to

reduce aflatoxin contamination in the principal magzewing area of Italy

Vegetative compatibilityanalysis $ a useful tool @ estimate genetic diversjty
understand population dynamiesd evaluate measures to reduce aflatoxin contamination.
The current work reports for the first time the VCG structura. dfavusresident in the major
maize producig districts of Italy. In particular the relatively wide distributions across
districts and years and high frequencies of the atoxigenic VCGs IT4, IT6 and IT18 indicate
that these VCGs are well adaptedth@ environmental conditions and maize production
systems of Italy and as such are good candidatabdaevelopment of aflatoxin biocontrol

agents targeted for this district.

We identified several atoxigenic strai@s potential biocontrobgents for migating
aflatoxin contamination in northern Italy. The most effective five Italian atoxigenic isolates
caused reductions in contamination of viable maize kernels similar to a commercial product
registered as a biopesticide in the United States. The igehéifoxigenistrainsare endemic
in the Italian target regionsEndemic atoxigenics are thought to offer several advantages
compared tahe non residenisolates including improved environmental safety and better
adaptation to the target region; thereforecreased efficacy in the tged crop and greater

carryover to neighbour crops is expected.

Atoxigenic strains act primarily through competitive exclusion of aflatoxin producers
in the environment and during crop tissue infection. Atoxigenics withrieu@eaptation to a
specific areamay allow both better initial displacement of aflatoxin producers and better
survival between crops and thus lelegm displacement providing both lotgrm (multiple
year) and additive benefits. Additional information the behaviour of these atoxigenics
during crop infection and within the ecology of the target agroecosystem will be needed to

choose the bestrains usefuhs biological control agents
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