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Abstract [

Abstract

Aspergillus flavus, a soil-borne fungus, is the major responsible &flatoxin
contamination in maize in tropical area. In soihgées from different parts of Benin, the
incidence ofA. flavus and the percentage of L-strain isolates were lmngthe Costal
Savanna (CS) and Southern Guinean Savanna (SG®g.zbn contrast, the S-strain
isolates were more represented in the Northern gamnSavanna (NGS) and Sudan
Savanna (SS) zones. Atoxigenic isolates were evdidfributed throughout all four
zones. Also toxigenic isolates were almost homogslyarepresented, only SS had more
toxigenic isolates than NGS. The incidenceAoflavus in maize followed the pattern of
soil incidence. SGS and NGS differed in aflatoxamtent in maize with higher values in
SGS. The site latitude and height above sea leeet \wighly negatively correlated with
the incidence oA. flavus in the soil, the percentage of L-strain isolates] theA. flavus
incidence in maize and positively correlated wikie tpercentage of S-strain isolates.
Regarding the soil texture, there were positiveadations between the sand percentage
and the toxigenic isolates percentage, between silieand the S-strain isolates
percentages, and between the clay and atoxigemilates percentages. Negative
correlations were found between the sand and theganic isolate percentages, between
the silt percentages and the L-strain isolatesAarilvus incidence in the maize. The soil
content of calcium, potassium and sodium werehafid in positive correlation with the
percentages of L-strain isolates and of atoxigesutates. Moreover, the sodium content
in the soil was positively correlated with flavus incidence in the soil and negatively
with the toxigenic isolates percentages. The levealflatoxin in maize depended directly
on the soil organic carbon, soil incidencefoflavus, L-strain isolate percentage, S-strain
isolates percentage aAdflavus incidence in maize. The conclusions in this fatsidy led
to a field experiment to investigate additionaltées in details. In this study on the effects
of the soil inoculation, maize variety and croppsystem on the level of aflatoxin in
stored maize in Benin, the concentration of aflatd and B increased during storage.
Variety and inoculation wittA. flavus were the main factors influencing the productién o
aflatoxins in stored maize. The improved maizeatgrhad higher levels of aflatoxim B
and B compared to the local variety. Intercropping witiwpea Yigna unguiculata (L.)
Walp.) decreased aflatoxin concentration in the improvexdzen variety but not in the
local maize variety. On the local maize varietyghar levels ofPenicillium spp. and
lower levels ofFusarium spp. were observed than on the improved maizetyafeither
the variety, nor the soil inoculation with an agedic strain ofA. flavus or the cropping
system had an effect on the populations of majmage insects, but their numbers in the
stored maize were positively correlated with aftéto The initial level of fungal inoculum
and the water content of the maize kernels aftevesa played a significant role in the
initiation and development &&. flavus infections. Further to assess biotic factors, maiz
maturating in the field at milky stage and alreaddyvested maize kernels were inoculated
with A. flavus spores alone or in combination wHusarium spp. and/oPenicillium spp.

In both experiments, the grains were stored inn@abator and sampled weekly. In the
preharvest experiment, the incidenceédoflavus increased linearly during seven weeks of
storage with the same slope in all treatmentswiiiht a slightly higher level in treatments
in which Fusarium spp. was inoculated too. In all treatments, tloedence ofFusarium
spp. decreased initially and became larger agaan &dur weeks of storage. The level of
Fusarium spp. incidence was higher whEnsarium was co-inoculatedPenicillium spp.
incidence had generally a slightly increasing Imgand. In the presence &lusarium
spp., the incidence denicillium spp. was reduced. During storageflavus inoculation
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led to an increase in aflatoxin. In the posthaneegieriment, the incidence @&f flavus
increased linearly in all treatments, including tbentrol, starting from a low level.
Compared to the control, the slope was higher &ftdéiavus inoculation and even higher
whenPenicillium was co-inoculated. The incidenceRafsarium spp. decreased linearly in
all treatments, although the initial incidence visigh. The incidence dPenicillium spp.
varied over time without showing a uniform trerihe aflatoxin concentration in the
postharvest experiment was lower than in the puesarexperiment and increased
continuously and uniformly in all treatments. Theaf part concentrated oA. flavus
itself and its classification subdivision. Six iatds were investigated for their growth and
four for aflatoxin production. The Gompertz functi@escribed very well the colony
growth of most of the isolates. The monomoleculavxdet was good for aflatoxin
production simulation. Generally, the water acyivied more effect than temperature on
the growth in the ranges studied in this papeagllicases with high aflatoxin production,
a degradation of the toxin followed. A water adyvof 0.90 was the least efficient level
while 0.96 was the most efficient one. At the latével of water activity, the effect of the
temperature was weak. Depending on the isolategphimal temperatures varied between
31, 33 and 35°C while the optimum water activity fal isolates remained 0.96.
Concerning the aflatoxin production, the optimuntevactivity varied between 0.96 and
0.99 but the optimum temperatures were the two $bwethis study (26 and 28°C). The
L-strain isolates also produced aflatoxin G butoater levels of water activity (0.90 and
0.93) than the S-strains isolates (0.96 and 0.98g highest rates of growth were
recorded for isolates Z34A, Z117B and Z1TS, allngeL-strain isolates. The best
aflatoxin B producer was isolate Z213D that wa® dlse best producer of aflatoxin G.
Isolate Z1TS followed but only for aflatoxin B praction. Z213D is an S-strain isolate
and good producer of aflatoxin but had a very lawwgh rate. The lowest aflatoxin
production rate was recorded for isolate Z34A thain L-strain isolate characterized by
very high growth rates.

When all factors important foA. flavus aflatoxin production in maize were
quantified, they could be utilized to develop a ot predict aflatoxin occurrence in
maize.

Keywords: Aflatoxin, Aspergillus flavus, sclerotial strains, toxinogenecity
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Zusammenfassung

Aspergillus flavus, ein bodenbdurtiger Pilz, ist der Hauptverursaater Kontaminierung
des Maises mit Aflatoxin in tropischen Landern. Bodenproben aus verschiedenen
Gegenden Benins waren sowohl der Befall miflavus als auch der Anteil der Isolate des
L-Stamms in der Kiustensavanne (CS) und der Stdlicheinea-Savanne (SGS) hoch,
wahrend Isolate des S-Stamms starker in der NdrehicGuinea-Savanne (NGS) und der
Sudan-Savanne (SS) vertreten waren. Nicht-toxigeolate waren gleichméaRig tber die
vier Zonen verteilt. Die toxigenen Isolate wareemalls fast homogen auf die vier Zonen
verteilt, wobei aber in SS mehr toxigene Isolatéuggen wurden als in NGS. Die
Haufigkeiten vonA. flavus im geernteten Mais und in den Bodenproben folgtem
gleichen Muster. Der Aflatoxingehalt des Maises warSGS héher als in NGS. Die
geographische Breite und die Hohe Uber NN der Feldeen mit der Haufigkeit voA.
flavus im Boden sowie im Mais als auch mit dem Anteil thlate des L-Stamms stark
negativ, mit dem Anteil des S-Stamms aber posiivediert. Bei den Bodeneigenschaften
gab es positive Korrelationen zwischen dem Sandantd dem Anteil toxigener Isolate,
zwischen dem Schluffanteil und dem Anteil der Is®oldes S-Stamms sowie zwischen
dem Lehmanteil und dem Anteil nicht-toxigener IselaNegativ waren dagegen
korreliert: der Sandanteil mit dem Anteil der nitbxigenen Isolate und der Schluffanteil
sowohl mit dem Anteil der Isolate des L-Stammsaaish mit der Haufigkeit voA. flavus

im Mais. Die Calcium-, Kalium- und Natrium-Gehattes Bodens waren mit den Anteilen
der Isolate des L-Stamms bzw. der nicht-toxigensslate korreliert. Dartiber hinaus
bestand zwischen dem Natriumgehalt des Bodens andHdufigkeit vonA. flavus im
Boden eine positive Korrelation, eine negative Kation aber zu dem Anteil der
toxigenen Isolate. Der Alfatoxingehalt des Maisagytvon dem organischen Kohlenstoff
des Bodens, der Haufigkeit van flavus im Boden und im Mais sowie von den Anteilen
der Isolate der L- bzw. S-Stamme ab.

Die Schlussfolgerungen aus diesem ersten Teil debeiA veranlassten ein
Feldexperiment, in dem der Einfluss zusatzlichektéi®n auf den Aflatoxingehalt des
gelagerten Maises genauer untersucht werden shiliesem Experiment zur Wirkung
der Inokulation des Bodens mi. flavus, der Maissorte und des Anbausystems auf
Aflatoxin stieg die Konzentration von AflatoxinyBind B wahrend der Lagerung an. Die
Sorte und die Inokulation mA. flavus waren die wichtigsten Faktoren, die die Bildung
von Aflatoxin im gelagerten Mais beeinflussten. Dexbesserte Maissorte enthielt hohere
Gehalte an Aflatoxin Bund B als die lokale Sorte. Der Mischanbau mit der Alogdme
(Vigna unguiculata (L.) Walp.) verminderte die Aflatoxinkonzentratiom der
verbesserten, nicht aber in der lokalen Maissdttg.der lokalen Maissorte wurde mehr
Penicillium spp., aber wenigdfusarium spp. als auf der verbesserten Sorte festgestellt.
Weder die Sorte, noch die Inokulation des Bodertsemem nicht-toxigenen Isolat, und
auch nicht das Anbausystem hatten einen Einflugli@uPopulationen der wichtigsten
Lagerinsekten, deren Populationsgrof3e aber mit Afatoxingehalt korreliert war. Das
Ausgangsniveau des pilzlichen Inokulums und der3&f@gehalt der Maiskdrner nach der
Ernte spielten eine wichtige Rolle fur den Begimd wlie weitere Entwicklung dek.
flavus Infektionen.

Um die biologischen Faktoren naher zu untersucivemge Mais im Feld zum Stadium
der Milchreife und bereits geerntete Maiskérner Anitlavus Sporen inokuliert, und zwar
allein und in Kombination mitFusarium spp. und/oderPenicillium spp. In beiden
Experimenten wurden die Korner in einem Inkubatalagert und wochentlich
Stichproben entnommen. In dem Experiment mit Inakkohen im Feld stieg die
Haufigkeit von A. flavus linear wéhrend der sieben Lagerungswochen an, iwdiee
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Steigung in allen Varianten gleich war, aber eicheerhohtes Niveau in der Variante
erreicht wurde, in der audRusarium spp. inokuliert wurde. In allen Varianten fiel die
Haufigkeit vonFusarium spp. anfanglich, stieg aber nach vier Wochen wieshe Der
Befall mit Fusarium spp. war starker nach einBusarium —Inokulation als ohne. Der
Befall mit Penicillium spp. zeigte einen generellen leicht ansteigendesndl In
Gegenwart vorFusarium spp. war der Befall durcPenicillium spp. vermindert. Der
Aflatoxingehalt nahm im Lager nach einer Inokulatioron A. flawus zu. Im
Nachernteexperiment stieg der Befall witflavus ausgehend von einem geringen Niveau
linear in allen Varianten, einschliel3lich der Kantite, an. Im Vergleich zur Kontrolle war
die Steigung nach eine Inokulation vén flavus hoher, und noch weiter erhéht, wenn
Penicillium ebenfalls inokuliert wurde. Der Befall miusarium spp. verminderte sich
linear in allen Varianten, obwohl der Ausgangshéfath war. Der Befall miPenicillium
spp. variierte stark, ohne dass ein einheitlichemd Uber die Zeit erkennbar war. Die
Aflatoxinkonzentration in dem Experiment mit Inoktibn nach der Ernte war niedriger
als in dem vor der Ernte, allerdings nahm die Kotra¢ion in allen Varianten stetig zu.
Der letzte Teil der Arbeit beschaftigte sich witflavus selbst und seiner Untergliederung.
Dazu wurden sechs Isolate hinsichtlich des Koloaswtums und vier Isolate im
Hinblick auf die Aflatoxinproduktion untersucht. ®aKoloniewachstum der meisten
Isolate konnte mit einer Gompertz-Funktion sehr lgegschrieben werden, wéahrend die
Toxinproduktion mit einer monomolekularen Funktianodelliert werden konnte.
Generell hatte in den hier betrachteten BereichienVdasseraktivitat einen grol3eren
Einfluss auf das Wachstum als die Temperatur. lendFallen, in denen viel Aflatoxin
produziert wurde, erfolgte auch ein Toxinabbau. WBiasseraktivitat von 0,90 war am
wenigsten effizient, die von 0,96 am effizientestedBei der zuletzt genannten
Wasseraktivitat war der Temperatureinfluss schwéh. optimale Temperatur variierte
in Abhéangigkeit des Isolats zwischen 31, 33 und C35Wahrend die optimale
Wasseraktivitat fur alle Isolate bei 0,96 lag. Eig Aflatoxinproduktion schwankte das
Optimum der Wasseraktivitat zwischen 0,96 und 0@® optimale Temperatur lag bei 26
bzw. 28°C, den niedrigsten Temperaturen des Experisn Die Isolate des L-Stamms
produzierten Aflatoxin G, allerdings bei niedrige®/asseraktivitaten (0,90 und 0,93) als
die des S-Stamms (0,96 und 0,99). Die hochsten Staaisraten wurden fur die Isolate
Z34A, Z117B und Z1TS gemessen, die alle drei zurStdmm gehdren. Der beste
Aflatoxinproduzent war das Isolat Z213D, das auah ldbchste Menge an Aflatoxin G
bildete. Das Isolat Z1TS produzierte etwas wenigerdings nur Aflatoxin B. Z213D,
ein Isolat des S-Stamms, das reichlich Aflatoxitddte, hatte nur eine sehr kleine
Wachstumsrate. Die kleinste Rate der Aflatoxinbilgluwurde fur Z34A festgestellt,
einem Isolat des L-Stamms, das sehr hohe Wachsitensaiufwies.

Wenn alle wichtigen Faktoren fir die Aflatoxinbildy im Mais, die hier angesprochen
wurden, quantifiziert worden sind, kénnen diese utenwerden, um ein Modell zur
Vorhersage des Auftretens von Aflatoxin zu entwicke

Stichworter: Aflatoxin, Aspergillus flavus, Skelotienstamme, Toxinbildung
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1 General Introduction

Maize is one of the most grown cereals in Africeegeding sorghum, millet and rice
(FAO, 2010). Since the 90’s, the maize adoptionesdoecame wider every year (Byerlee et
al., 1996). Maize is the most important food stapléhe South Saharan Africa where maize
constitutes about 50% of calorie intake (Byerlealgt1996). Maize production in Africa has
undergone an important increase mainly because semealrought-tolerant and early-harvest
varieties are now available that are adapted toarevmore arid climate. The harvested areas
and the yields kept increasing since 2001 (FAO020Maize is an important commodity of
regional or international trade. Therefore it isamsiderable economical factor, firstly for the
producers because it can be used as cash croph(8trat., 1994) and secondly for political
authorities because in some West African counthegrice and the availability of maize on
the national market are used as indicator for exsnadvent of famine. Also from the
consumer point of view, it is a very highly manageacrop that can be processed in different
ways.

In West Africa, especially in the zone of Sahelrghom and millet are serious
substitutes of maize. However, in the more costahtries of that zone, maize constitutes the
major crop (Hell et al., 2000; Udoh et al., 2000§ anakes up the main compound of the
three daily meals but also it is the main weaniogdf in the area and enters in the
composition of most snacks (Egal et al., 2005).cdnntries such as Benin, Ghana, Nigeria
and Togo, maize is gaining over sorghum and mitetard the north in terms of exploited
area. The conditions that slow down maize progressouth Saharan Africa are numerous.
Besides the most common such as the more and meredictable climate and the archaic
cultural techniques, there are many pests and sisean maize that decrease its yield and
weaken its storage. Some of these unfavourablerfaate obvious and their damages easy to
detect but some damages remain hidden althoughatieeyangerous for consumers.

In a recent review of crop losses due to pestk€@006) enumerated weeds, animal
pests, pathogens and viruses as the most impaastraints of maize. The most common
and visible constraints are insects such as Lepedapstem or cobs borers, or Coleoptera
mostly found on mature and stored maize. Their chpa maize is a strong decrease of yield

and a depreciation of the nutritional or commereg@lue of the harvested or stored maize.
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These insects can also act as disease vectors antd rdispersers within grain bulk
(Munkvold et al., 2000). Besides the insects theme weeds that compete with maize for
water, nutrients, and light or sometimes hack thteo maize root or vascular system (Lopez-
Garcia et al., 1998). In the climatic and cultucahditions of maize production in tropical
areas, fungal pathogens have very important negatnpacts on the maize crop from the
sowing to the end of transport and storage prodassthe most insidious impact is the
production of mycotoxins that are toxic for humaasd animals. The production of
mycotoxins is an attribute of some strains withiime species. One of the most common
fungal pathogen of maize Busarium spp. that is able to produce a harmful secondary
metabolite named fumonisin within the maize grddar(kole et al., 2003). Another fungus
that is able to contaminate maize in the field mgre often the already ripen grains is
Aspergillus flavus that produces aflatoxin (Hesseltine, 1986), alsthaamful secondary
metabolite that can be dangerous for consumersmiBiminated maize (IARC, 2002). It is
acknowledged that for aflatoxin contamination thecpss starts when maize is still in the
field. It is also well documented that the maintpartoxin production happens during the
storage period if some precautions are not takienaocount during maize growth, its harvest,
before and during its storage (Dorner et al., 20Uagacha et al., 2008). In case the necessary
precautions are not observed, the maize proposé#tetconsumers can contain up to 1800
png/kg of aflatoxin (Lewis et al., 2005) and thanoaccur on more than 30% of maize
proposed to the consumers (Egal et al., 2005; Ustohl., 2000). Once ingested, highly
contaminated maize can cause an acute crisisahbéd be lethal (Groopmann et al., 1999), in
case of continuous supply of lowly contaminatedz®mai chronic aflatoxicosis can occur that
can be expressed as liver cancer, immunodeficieamay,some other health impairments for
adults and children (Turner et al., 2003; Gond.e2803).

The aflatoxins found in maize are secondary mettsoproduced by a number of
fungi belonging to the genusspergillus, includingA. flavus, A. parasiticus, A. nomius, A.
bombycis, A. pseudotamarii, A. ochraceoroseus, A. rambelli etc. Only A. flavus and A.
parasiticus have an important impact in agriculture, ahdlavus is by far the most critical
species in the case of maize contamination (KIR006). Besides maize, other susceptible
crops are cotton seeds, peanuts and tree nuth(KI0O7). There are four majors aflatoxins
encountered in maize: aflatoxin, BAFB;), aflatoxin B (AFB;) and less often aflatoxin ;G

(AFG;) and aflatoxin G (AFGy) (Wogan, 1966). They are potentially carcinogentagenic



General introduction 3

and immunosuppressive agents. Chronic poisoningglatoxins can lead to liver cancer and
can promote some other diseases such as hepatitisKwashiorkor, and other nutrition and
growth impairments (IARC, 1993; Turner et al., 200Bong et al., 2002). In case
contaminated maize is used to feed domestic aninttads productivity decreases. In the
specific case of milk producing animals, their nbelesm can transform AFBand ABF, in
aflatoxin My and M that are also toxic and are excreted in the mdirija et al., 1992).
According to a review of Wogan (1966), the acutesgoing by aflatoxin can also be lethal
for animals but the LB varies with species. In the same review, the @flas are chemically
classified in the group of difuranocoumarins withhet sub-group of
difurocoumarocyclopentenone for aflatoxin, B,, M; and M, etc. and the sub-group of the
difurocoumarolactone for aflatoxiniGnd G etc. The toxicity of the aflatoxins decreases
from AFB; to AFG,, to AFB,, and to AFG. AFB; and AFG are dihydroderivative of AFB
and AFQG successively and in maize their apparition follasksonologically the ones of,B
and G (Chang et al., 1963; Van Dorp et al.,, 1963). Examples of aflatoxins toxicity
appeared in the public opinion firstly in 1960 aftee death of about hundred thousands
turkeys that were fed with contaminated peanut r{®lalunt, 1961). Since then, research has
focused on these metabolites and helped later dogreze many epidemics of aflatoxin
poisoning in Asian and African countries that résall in dozens of casualties
(Krishnamachari et al., 1975; Azzi-Baumgartner et 2005). This situation raised the
curiosity of the researchers about the health impacountries having the most susceptible
crops to aflatoxins as staple diet. It turned dnat taflatoxin-albumin was detected in the
blood sera of more than 99% of surveyed childrefiago, Benin, Ghana and Gambia (Gong
et al., 2003). The presence of aflatoxin-albumintlwe children blood was positively
correlated to other affections such as growth immpant and Kwashiorkor incidence (Wild et
al., 1996; Gong et al.,, 2002). These results shduidv the attention of these countries’
authorities to maize production monitoring and tfataxin early detection before
contaminated maize is consumed. The first stemtiedake is to start information campaigns
in rural and urban areas of the concerned counbéEmuse the humans are not aware of
aflatoxin existence and therefore do not link theutd caused byA. flavus to the worsening
of their health condition (Cardwell, 2000). Inde@uhce the existence and the toxicity of
aflatoxin have been explained to the local popaorgtiprimordial control measures can be

taken, which are rather simple and consist in tebetanagement of the growing maize in the
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field. This includes a better planning of the lestvto avoid too wet maize ready for harvest,
a better harvest management to prevent grain dowtit soil that is the primary inoculum
source ofA. flavus, and finally a better condition of storage (Cartiwee al., 2004; Wagacha
et al., 2007). However, these primordial controlbswees are often difficult to fulfil because
in tropical areas where less industrialised maizglyction systems exist with, for instance,
sun-drying or the lack of facilities for fields igation, maize is still exposed to natural
unpredictable climatic conditions and therefore e¢issential precautions to preveéatflavus
infection of maize cannot be granted. Then, o#iernatives for aflatoxin control in maize
are already available or still under research. @nthe biological control of aflatoxin by
implementing non-toxigenié. flavus strains in the field to outcompete the toxigemes, a
method studied for adaptation in some parts of Wddta (IITA, 2003). There is also
continuous search for resistant maize varieties.

In areas spotted as suitable farflavus development, mostly tropical hot areas, the
composition of thé\. flavus population is not uniform. Within the specigsflavus, there are
some strains with morphological and physiologicéfledences such as “L” strains and “S”
strains (Cotty, 1989). Isolates of the “L” stramre only able to produce aflatoxing &d B
and also isolates exist that cannot produce afilagoat all. The isolates of “S” strains are
always (under adequate environmental conditiont &b produce aflatoxin Band B but
their ability to produce aflatoxinsi:Gnd G depends on the geographic zone. For instance,
those from the United States are unable to prodifle¢oxin G but those from West Africa
can easily produce this kind of aflatoxin (Cottyakt 1999). In a specific study area it would
be interesting to know how these different groups.dlavus strains are related and how the
composition of the population depends on geographidocal climate conditions. Local
agricultural practices and processes should aldaken into account (Hell et al., 2000; Udoh
et al., 2000 and Lopez-Garcia et al., 1998).

In West Africa, maize is mostly intercropped wittn@r crops such as cowpea, peanut,
cassava, etc. (Hell et al., 2003). Besides thedrdps, the variety grown is important in the
cropping system (Zuber et al., 1983). Some farragrsearly adopters of new varieties, others
are not, mainly because improved varieties are available on the market. Research is
needed to examine how the combination of the crgppgiystem, the varieties used and the
heavy presence of toxigenkc flavus propagules in the soil impact the harvested aockdt

maize in terms of aflatoxin contamination.
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On ripening, harvested or even stored maize grainglavus is not the only pest
present. There are many other insects or moulds dbexist with this major aflatoxin
producer in maize (Wicklow, 1988). The two othemportant storage moulds aFeisarium
spp. that is an early contaminant of maize grawthe field andPenicillium spp. that is much
more specific for storage conditions (Kamphuislgt192). Research results indicated that
the presence of other moulds on maize could benumttal to aflatoxin production bk
flavus (Widstrom et al., 1994; Wicklow et al., 1980). Moresearch is needed to determine
the impact of the co-presence of these three nmagize storage moulds on the final aflatoxin
level in maize.

Knowing that a population oA. flavus comprises different isolates (Klich, 2006) it
would be of interest to find out if all isolatesaot in the same way to the main environmental
factors, such as temperature or water availabilitigh respect to their morphological or
physiological characteristics. After the study bftlese aspects of aflatoxin contamination in
maize grains, a work of synthesis could be undertak improve the level of prediction and
anticipation of aflatoxin contamination in maizspecially under West African conditions.

The objectives of this study are therefore: (ijrtake an inventory of the composition
of A. flavus populations in the different study zones, to cbi@ze these populations with
respect to soil properties and climate, and finatlyestablish a list of the most important
parameters to be taken into account for aflatoxicuoence in maize produced in a specific
zone after a certain storage period, (i) to amalfize effects of the maize variety, of the
cropping system and of the size of the primary ih@m on the production of aflatoxins By
flavus and to determine the relationships between théaounation by aflatoxins and other
biotic factors such as storage insects and moylds,to investigate the effects of co-
inoculation ofA. flavus with Fusarium spp.,Penicillium spp. or with both species @nflavus
development and aflatoxin production in stored mawhen maize is inoculated while
maturing in the field or after harvest, and (iv)stady the growth and aflatoxin production of
selected isolates ofA. flawus on artificial media in relation to the most import
environmental parameters, temperature and the aetiwity. Finally, the information gained
from all the previous studies should allow estdidtig a prediction system of aflatoxin advent

in maize as function of the most important paramsatethe specific case of Benin.
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Chapter 2. Factors determining the distribution and population composition of
Aspergillus flavus strains in soils and the subsequent aflatoxin
contamination of cultivated maize in the four agro-ecological zones of

Benin

2.1 Abstract

During a survey in Benin, soil and maize samplesevesllected from 100 fields and
analyzed to determine on one side the main praseadti the soil and its different components
and on the other side thespergillus flavus incidence in the soil and maize samples, Ahe
flavus population composition in the soil and the aflitosontent in maize. The incidence of
A. flavus and the percentage of L-strain isolates were Imgthe Costal Savanna (CS) and
Southern Guinean Savanna (SGS) zones. In contitast,S-strain isolates were more
represented in the Northern Guinean Savanna (N@8) Sudan Savanna (SS) zones.
Atoxigenic isolates were evenly distributed throoghall four zones. Also toxigenic isolates
were almost homogenously represented, only SS lrad toxigenic isolates than NGS. The
incidence ofA. flavus in maize followed the pattern of soil incidenceiletonly SGS and
NGS showed differences in aflatoxin content in reamth the advantage for the SGS. The
site latitude and height above sea level were fiighbatively correlated with the incidence of
A. flavus in soil, L-strain isolates percentade,flavus incidence in maize and positively with
the S-strain isolates percentages. Regarding tihéesture, there were positive correlations
between the sand percentage and the toxigenidesgbercentage, between the silt and the S-
strain isolates percentages, between the clay todganic isolates percentages. Negative
correlations were found between the sand and thegaic isolate percentages, between the
silt percentages and the L-strain isolates Andlavus incidence in the maize. The soil
exchangeable cations showed some significant emiwak. The soil content of calcium,
potassium and sodium were all three in positiveetation with L-strain isolates percentages
on one side and atoxigenic isolates percentagetherother side. Moreover, the sodium
content in the soil was positively correlated withflavus incidence in the soil and negatively
with the toxigenic isolates percentages. Finallythey stepwise multiple regression analysis it

came out that the level of aflatoxin in the maiepehded directly on the soil organic carbon,
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soil incidence ofA. flavus, L-strain isolate percentages, S-strain isolatysgntages anA.

flavus incidence in the maize.

2.2 I ntroduction

Aspergillus flavus is a very common fungus and normal inhabitantropital and
subtropical agricultural or non-agricultural soi(&lich, 2002). It is one of the soil
microorganisms involved in the recycling of soilganic matter and agricultural residues
(Cotty et al., 1994). From that perspective, iadigather beneficial microorganism for quality
conservation of agricultural soils. The negativpeas is due to the ability of many strains of
this fungus to produce toxic metabolites, calleldtakins, in crops that they have invaded
(Geiser et al., 1998). Indeed, flavus is the main responsible for aflatoxin contaminasiof
maize, peanut, cotton seeds and tree-nut (Lillethal., 1980; Horn et al., 1995). There are
other species dAspergillus belonging to the section Flavi suchAagarasiticus or A. homius
that are also able to produce aflatoxins (Horn 3@t A. flavus is by far the most prevalent
species in the contaminations of crops especidlthase having aerial products like maize or
cotton seed (Klich, 2007). In peanut, the impadh.dtavus on aflatoxin contamination is less
exclusive sincéA. parasiticus is more involved due to the underground crop do#gi of
peanut. The most important impact Af flavus on public health issue is through maize
especially in countries having that cereal as std@t component (Gong et al., 2003; Hell et
al., 2003). Aflatoxin is classified as a very damges food contaminant for human and animal
health (Cast, 2003; Payne, 1992).

A. flavus is present on all continents as its occurrendevi@ roughly the one of the
crops it colonizes naturally. The population conipas of A. flavus communities varies with
geography in terms of morphological properties ftataxins production abilities (Cotty and
Cardwell, 1999). Besides geography, other parametgch as the agricultural techniques or
crops sequences on a field can have an influendbeoh. flavus population composition in
an area (Horn et al, 1995; Jaime-Garcia and C@®p4). An A. flavus population can
comprise isolates different in morphology or diffet in their ability to produce aflatoxins or
specific types of it. Morphologically there are migitwo strains ofA. flavus (Cotty, 1989).

The most common L-strain contains isolates thabhble to produce only aflatoximBnd B
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or possibly no aflatoxin at all. These isolatesrfono sclerotia or only a low number of
relatively large sclerotia (diameter larger thar® 46n) and have an abundant production of
conidia. The S-strain includes isolates that ate &bproduce only aflatoxins B {(BndB,) or
that can produce both aflatoxins B and G, B, G;, and G). Those isolates have numerous
small sclerotia (diameter smaller than 4@fn) and produce less conidia than their
counterparts (Cotty, 1989). The second way to graupavus isolates in a population is their
capability of aflatoxin production. Some are albdeproduce aflatoxin B and G and then
morphologically they are essentially assigned & S$hkstrain. Other isolates can produce only
aflatoxin B or none and belong to the S- or L-str@beiser et al., 1998 and 2000). S-strain
isolates that are able to produce aflatoxin G ateresent in the United States but have been
isolated from West Africa, Argentina, Australia agdutheast Asia (Cotty and Cardwell,
1999; Geiser et al, 2000; Hesseltine et al., 19¥a and Cabal, 2002; Saito and Tsuruta,
1993). Geography and latitude are acknowledgedhpsritant factors foA. flavus population
compositions and characteristics (Klich, 2002; €aihd Cardwell, 1999). Out of the many
parameters that are relevant, the most obvioutharelimate (Cotty and Jaime-Garcia, 2007),
the type and characteristics of the soil (Jaimezi@aand Cotty, 2006; Zablotowicz et al.,
2007), field managements and cultural techniquasniivold, 2003; Jaime-Garcia and Cotty,
2006).

It seems important to weigh the impact of eachheksé parameters on the resulting
maize contamination. To reach this goal, a firgpsivould be to study, characterize and
determine the variation of the involvédflavus populations. Once the population structure is
understood, the mechanism of the crop colonizdtemalso to be taken into account, i.e. how
the infectious propagules are transported fromsthk that is supposed as the primary source
of inoculum (Payne, 1998), to susceptible partamaifize. Insects transported propagules
(Widstrom et al., 2002) and airborne propagulesckBet al., 2004) modulated by climate and
human activity are proven to be involved. Propagulistributed by insect vectors or air can
travel a relatively long distance from the inoculgource to maize grains so that the study of
A. flavus population should cover a rather larger area thaingle field. Nevertheless the
impact of the local inoculum sources cannot be extgt but it is still difficult to define the
area to be involved if a soM. flavus population is compared with the population on kated

maize. From its growth in the field to the consusnpoisoning the last opportunity for
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aflatoxin assessment on maize is when it is readytife final process before consumers’
acquisition. The successive processes involve aneelt technology, crop harvested handling
and storage. Many authors have shown that theps sfemaize production could help to

minimize aflatoxin production in maize or in comyrdo increase the risks of contamination
(Hell et al., 2000; Udoh et al., 2000; Kaaya et2006).

Benin in the tropical zone of West Africa,, gathemf factors for aflatoxin
contamination in maize that is the major cerealtha country (Adebayo et al., 1994).
Preliminary investigations at different levels odize production have been conducted in this
country that has an ideal geographic dispositiorossc four agro-ecological zones with
different kinds of climates (Setamou et al, 199@|lldt al, 2000; Cardwell and Cotty, 2002).
Apart from the climate, the soils and the ethnm@bulations vary from the south costal zone
to the north near Sahara zone. With the populalen the cultural and storage techniques
vary.

To have an accurate prediction of the risks to @mavith highly contaminated maize
in a specific agro-ecological zone, it is importamtmonitor all production compartments
from the soil of the field used for maize croppiogthe storage of such harvested maize and
to weigh all the factors in relation to climatejlsmd geography. The objectives of this study
are therefore to make an inventory of differ@nflavus populations of the different studied
zones, to characterize them in relation to the, smild to establish a list of important
parameters to be taken into account for predictiftefoxin occurrence in maize in a specific

area after a short time of storage.

2.3 Materials and M ethods

2.3.1 Fiddslocalization and soil sampling

The Republic of Benin is located on the West Afni€2oast between Togo in the west
and Nigeria in the east. The primary subdivisiontted country considered for this study
followed the four agro-ecological zones (Cardwelak, 2002) from the South to North: the
Costal Savanna (CS), the Southern Guinean Sav&®3)( the Northern Guinean Savanna
(NGS), and the Sudan Savanna (SS). Within eachexpiogical zone, five villages and five
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fields per village were randomly selected for saimpling. In each field, 20 soil sub-samples
from the 5-cm top layer were taken along diagomald median and then pooled. The final
sample was collected in a paper bag and transptwtéa laboratory where the water content
was immediately determined from a homogenized sulypte of each field sample. From
each remaining sample, one part was dried at at&f@ for two days and then stored at 4°C
till A. flavus isolation. The second part was directly stored°at in tightly closed plastic bag

till the determination of the soil organic and mradenutrients, pH and particles composition.

2.3.2 Analysesof the soil samples

2.3.2.1 Soil isolation of A. flavus

To determine the incidence &f flavus (cfu/g), about 10 g of soil were weighed in
100-ml flask containing 50 ml of sterile distill@cater. The flask was closed and shaken for
30 min. Then 100 pl of the resulting soil suspemsiere spread on modified Rose Bengal
agar medium (Cotty, 1989) in a Petri dish; for eaample three replications were prepared.
The Petri dishes were then incubated at 31°C fogetldays in darkness. The number of
colonies per Petri dish was counted and recorded.PEtri dishes containing less than ten
colonies ofA. flavus, each colony was picked up on 5/2 (5% V8 juice attdd®ar) medium
(Cotty, 1989). For Petri dishes containing morentth@ colonies, a re-plating was performed
after dilution. Seven days later, up to eight isg8gper soil sample were collected and stocked
in flasks on distilled sterile water. The flasksrevetored at 4°C.

2.3.2.2 Deter mination of strainsfrom soil isolates

The determination of L/S-strains was carried oubghmedium. After seven days of
incubation at 31 °C, the L-strain isolates had alamb green conidia and few large sclerotia
or no sclerotia at all whereas the S-strain iselatere characterized by few yellowish conidia
and plentiful small sclerotia.

The identification of toxigenic strains was made RDACD (Potato Dextrose Agar

plus methylated 3-cyclodextrin derivative) (Ordaalk, 2002). After four days of incubation
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at 31 °C, the reverse of colonies of toxigenicaset looked fluorescent under UV light (365
nm). As this method is rather qualitative and neyvsensitive for isolates that are only able
to produce a small amount of aflatoxin, those teslavere subjected to further fermentation
and aflatoxins extraction. For that, 70 ml of A&Medium (Mateles and Adye, 1965) and 100

micro liters of spore suspension containing abé@Px10° spores were mixed and shaken at
150 rpm at 31 °C for five days. Then 70 ml of anetovere added to the fermented

suspension. One hour later the extraction of aflatowas carried out.

2.3.2.3 Aflatoxin extraction

Approximately 140 ml of the fermented suspensiars @cetone were filtered through
filter paper in a beaker. To 100 ml of the filtergalution, an equal volume of distilled water
was added and extracted two times with 25 ml ohylehe chloride. The methylene chloride
plus acetone solution was filtered through anhysirgulfate sodium and dried at room
temperature. The extract was later dissolved withl bf methylene chloride and spotted on
TLC plates which were developed with diethyl ethethanol-water (96:3:1, v/v/v) and
observed under UV light (365 nm). The positive ae$ were recorded.

2.3.2.4 Char acterization of the soils

For each soil sample, the following variables waggrmined in the laboratory (Table
2.1): thepH-value, the soil organic carbon content (in % tomposition of the soil particles
in sand, silt and clay (all in %), and finally tlexchangeable cations Ca, K and Na (in
cmol/kg).
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Table 2.1: List of variables determined for each of the fiéldls

Variable Units Definition Transformation
LATITU ° north Latitude of the field site
HEIGHT m Height above sea level of the field site
PHV pH-value of the soil
0OC % Soil organic carbon content arcsinyx
SAND % Sand fraction of the soil arcsinyx
SLT % Silt fraction of the soil arcsin/x
CLAY % Clay fraction of the soil arcsinx
ESCa cmol/kg Exchangeable soil Ca cations
EX cmol/kg Exchangeable soil K cations
ESNa cmol/kg Exchangeable soil Na cations
ASPERGs cfu/g soil Incidence oA. flavusin the soil In(x+1)
L-STRAIN % Percentage of L-strain isolatesfoflavus in the soil | arcsim/x
S STRAIN % Percentage of S-strain isolatestoflavus in the soil | arcsin/x
T-STRAIN % Percentage of toxigenic isolatesfoflavus in the soil | arcsim/x
N.STRAIN % Pe.rcentage of non-toxigenic isolatesfoflavus in the arcsin/x

soil

ATOXINs ppb Concentration of aflatoxin in the soil In(x+1)
ATOXINy ppb Concentration of aflatoxin in maize kernels x#1()
ASPERGy cfu/g maize| Incidence &. flavusin maize kernels In(x+1)
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2.3.3 Analysesof the maize samples

Maize samples were taken from the same fields pusly selected for soil samples. If
possible, maize samples were collected three timego-month intervals, but not all farmers
were able to provide the three samplings. For saafpling, 30 cobs or an equivalent amount
of maize grain, if shelled, were collected from 8terage structure of each farmer. As first
operationin situ, the percentage of each single cob area coveraddiys especially b.
flavus, Fusarium spp. andPenicillium spp. was estimatedf shelled, all affected grains were
countedAll other molds were recorded as “other fungi”. leklaigrains were collected in paper
bags and transported to the laboratory to deterrtiiaemoisture content, and tie flavus

incidence (cfu/g) and to extract and quantify afkis.

2.3.3.1 Maize moistur e content

The moisture content was determined by weighingoeciied amount of ground
maize (Tekmar IKA-A10, Analytical Mill), before andfter drying for two hours at 130°C,
and calculating the weight differences (1.S.0. 1979

2.3.3.2 Deter mination of the A. flavus incidence in maize samples

To isolate and identifyA. flavus, the same protocol was used as the one for soill

isolation, but here the colonies were just couated their number recorded.

2.3.3.3 Aflatoxin extraction from maize samples and thin layer chromatography

The aflatoxin from ground maize was determined ascdbed by Thomas et al.
(1975). For each sample, 50 g of ground maize weighed in a 500-ml Erlenmeyer flask.
Then 250 ml of methanol and water (60:40/vol/vobrevadded and shaken for 30 min. The
suspension was filtered and separated with a néxdtisaturated sodium chloride and hexane

solution. A second separation procedure was peddrasing chloroform that binds with the
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toxins. The mixture was then drained into 250-mé&meyer flasks containing 5 g of cupric

carbonate. The flask was shaken for 30 seconddilseréd through a Whatman filter No. 42

containing 50 g of anhydrous sulfate. The chlonofextract was collected in a beaker and
allowed to evaporate. The extract was dissolvedtt aiiout 1 ml of chloroform, transferred

into a small container and stored in the refrigarédr aflatoxin quantification.

Aflatoxin was quantified by thin layer chromatogngpmethod. Each sample was
diluted with 1 ml of chloroform and spotted at 2 éram the base on pre-coated silica gel
TLC plates with a mixture of aflatoxins; BB,, G; and G standard. The spotted plates were
developed in a mixture of diethyl ether/methanotéxa95/4/1 vol/vol/vol for about 25 min.
The plates were dried and scanned with a densissm@AMAG TLC Scanner 3 with win-
CATS 1.4.2 software (Camag AG, Muttenz, Switzer)arithe variations in the intensity of
the fluorescence were automatically used in comspariwith the standard to calculate the
concentration of aflatoxins. Samples with too isenfluorescence compared with the
standard were diluted, spotted and chromatograplgaih. The concentration of different
aflatoxins in maize samples were then calculatedguthe formula: $<YxV)/(XxW) where
S= AFB; standard equal to unknown/; Y = concentration of AFB standard,ug ml'*;

V = the volume in which the sample extract is dgsd)ul; X =ul sample spotted giving

fluorescent intensity equal ®(AFB; standard)W = quantity of sample, g.

2.3.4 Dataanalyses

All variables used are listed in Table 2.1. Fordteistical analyses, variables given in
percentage were transformed with the arcsine sqoatdransformation. The incidences/fof
flavus in soil and maize and the concentration of afladr maize were logarithmically

transformed [n(x+1)) in order to get more normalized data. Analysesvafiance were

carried out with the General Linear Model (GLM)®AS. During the multifactorial analysis,

the source of variation were zones (four zonedlagas (5 per zone), and samplings dates
(three samplings dates). The multiple comparisédmseans and separation were computed by
including the option LSD of the t-test in the GLMopedure. The Pearson correlations were

computed between all variables.
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The main goal of the survey was to determine thpmnfactors that increase the risk
of maize contamination by aflatoxin. To completeede analyses, stepwise multiple
regression analyses were used by fitting the datdné equation 2.1. Variables that have
proven to be directly or indirectly related to th#atoxin contamination were used as
dependent variables: ti#e flavus incidence of the soilASPERGs), the percentage of L-strain
isolates in the soil population & flavus (L-STRAIN), the percentage of S-strain isolates in
the soil population&STRAIN), the percentage of toxigenic strains in the population of
A. flavus (T-STRAIN), the percentage of atoxigenic strains in the pofulation N-STRAIN),
the A. flavus incidence of maize ASPERGy) and the content of aflatoxin in maize
(ATOXINy). The independent variablé§ in equation 2.1 were: the height of the sampled
field, the latitude of the sampled field, the pHtloé sampled field soil, the soil organic carbon
content, the sand, silt and clay percentages, thgrnsignificant exchangeable cations

content.
Y =Bot Bux Xyt By x Xo+ ot By * Xy + B X X (2.1)
The parameteiB, represents the common intercept gfdare the slopes translating the

effect of the independent variabldn the first step, all independent variab¥esvere used in
equation 2.1. Then by stepwise procedure all ngnH#stant variables were removed.

Further, to check the relationships of #heflavus incidence and aflatoxin content in
maize, the soil variables such as the incidenck fawus, the percentages of L- and S-strain
isolates, and the percentages of toxigenic andigenic isolates were used s and the
dependent variables weA&SPERGy andATOXINy. For all regression analyses SigmaPlot 10

was used.

24  Results

After the multifactorial analyses of variance, twmparisons of means between zones
revealed a similar trend for soil and maize incmef A. flavus. For both variables, the
values of the costal savanna (CS) and the Southe@niSavanna (SGS) were significantly
higher than those of the Northern Guinean SavaNizS() and Sudan Savanna (SS) (Table
2.2), while no differences between CS and SGS enhamd and NGS and SS on the other

hand were detected. The same trend was deternonédef percentage of L-strain isolates in
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the soil population oA. flavus, which was significantly higher in the two southeiones CS
and SGS. Consequently, the percentage of S-ssalatés was significantly lower in these
zones compared to the northern zones NGS and 3ffe(Z2). It seems that the incidence of
A. flavus propagules in the soil was related to the ondnénrhaize. Also one may conclude
that the percentage of L-strain isolates increasid higher number oA. flavus propagules

in the soil. This is confirmed by the Pearson datren analyses on field level with a positive
correlation between thASPERGs and L-STRAIN (r = 0.38) (Table 2.3). A strong negative
correlation € = -0.65) between the percentages of soil L- aredr@n isolates was found.
Theoretically that correlation coefficient shoulel 41, but it was not always possible to assign
all isolates to the L- or S-strain because of agjpmorphology such as having few conidia
like the S-strain isolates but having no sclerdik® some isolates of the L-strain. The
percentages of isolates that were not classifiel-aw S-strain were from the south to the
north 5.28 % (CS), 6.82 % (SGS), 9.82 % (NGS) éhé&ol(SS).

The second variable series that are expected te lgoposite trends are the
percentages of toxigenic and atoxigenic stral"RSTRAIN andN-STRAIN. The percentage of
atoxigenic strains was roughly 25% and did notedifin the four zones. In contrast, the
percentage of toxigenic strains was about 55% aasl significantly lower in NGS (46%)
than in SS (64%). The percentage of toxigenic teslavas in a positive correlation with the
soil A. flavus incidence and with the percentage of the S-stsallates (Table 2.3). Logically,
the percentage of atoxigenic isolates was posytivetrelated with the percentage of L-strain
isolates but negatively with the percentage ofderic isolates. Again, it was not always
possible to determine accurately the toxigenic grafi some isolates due to the non-
correspondence between the morphologic and thgenia status. Then only isolates with a
reliable status were recorded as toxigenic or gemc. The percentages of isolates with
unclear toxigenic status were 4.69 % in CS, 4.8th%GS, 9.82 % in SS and 12.47 % in
NGS.
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Table 2.2: Comparison of characteristics (see Table 2.1)hefA. flavus population in the soil and of the infestation aafthtoxin

production in maize between four agro-ecologicalemo CS = Costal Savanna, SGS = Southern Guineaniss NGS = Northern

Guinean Savanna, SS = Sudan Savanna

Zones | ASPERGs | L-STRAIN SSTRAIN T-STRAIN N-STRAIN ASPERGy ATOXINy

CS 4.94+1.65% | 81.08+25.11a | 0.00+0.00 b 58.66+34.77 ab  23.3DfBA. | 3.16+1.30a | 0.79+0.69 ab
SGS 5.05+1.04a| 74.28+22.904  5.16+12.68 h 56.6B¥2&b | 25.79+23.94a | 3.24+124a| 1.13+1.13a
NGS 3.91+1.13b | 46.76+37.21b| 28.29+32.29a  46.83Bb | 27.84+32.26a| 1.97+1.24b| 0.44+0.68 b
SS 4.20#1.05b| 50.38+39.13b| 22.82+33.80 |  63.8BB4 | 17.21+26.27a | 2.05+1.38b| 0.82+1.10 ah

D Values in a column followed by the same letter moeé significantly different ® = 0.05). ASPERG,, and ATOXIN,, are averages of three maize samplings.

ASPERGs, ASPERG,, and ATOXINy,, were Ingk+1) transformed prior to analysis, the other vdeaabin percent were arcsine square root transformed
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Finally, the average concentration of aflatoxionfrthe three maize samplings showed
a significant difference only between the S@F@XINy = 1.13 ppb) and NGSATOXINy =
0.44 ppb) zones (Table 2.2). As expected, the curaten of aflatoxin in maize was
positively § = 0.38 andP < 0.0001) correlated with the incidence Afflavus in maize
(ASPERGy) but also with the one in sOiIAGPERGs) though with a weaker coefficient of
correlation ( = 0.20,P = 0.05).
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Table 2.3: Correlation coefficients between geographic, andA. flavus population characteristics (see Table 2.1) of fi€@s

Correlation coefficients

Variables | ASPERGs L-STRAIN SSTRAIN T-STRAIN N-STRAIN ASPERGw ATOXINm
LATITU -0.29** -0.39*** 0.41%** -0.03 -0.00 -0.39*** -0.11
HEIGHT -0.38** -0.45*** 0.46*** -0.11 0.02 -0.44*** -0.10
PHV 0.13 0.35** -0.27* -0.02 22 0.03 -0.17
SOC 0.09 0.17 -0.13 -0.13 0.19* 0.01 -0.20*
SAND -0.09 0.01 -0.05 0.20* -0.27 0.06 0.11
SLT -0.07 -0.23* 0.19* -0.18 5.1 -0.21* -0.15
CLAY 0.16 0.13 -0.05 -0.16 0.27* 0.04 -0.08
ESCa 0.18 0.21* -0.12 -0.06 0.23 0.06 -0.05
EX 0.13 0.20* -0.18 -0.17 0.26 -0.18 -0.16
ESNa 0.22* 0.21* -0.17 -0.24* 3@ 0.10 0.03
ASPERGs --- 0.38** -0.14 0.19* 0.08 0.05 0.20*
L-STRAIN --- -0.65*** 0.09 @8 0.11 -0.09
SSTRAIN --- 0.23* -0.22* -0.17 -0.06
T-STRAIN --- -0.70*** 0:00 0.05
N-STRAIN --- -0.07 -0.16
ASPERGwm --- .38**

" Significance of correlation coefficients: **P < 0.0001; ** 0.001<P <0.01; * 0.01<P < 0.05.

to analysisASPERGs, ASPERGy andATOXINy were Ink+1) transformed prior to analysis

Percentage data were arcsine square rostdraned prior
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The geographical and soil variables (Table 2.4ws&d various trends over the four
zones. As expected, the four zones were clearlgragga from each other by the latitude
(from the South of the country to the North). Fbe tsite height, the NGS zone had the
significantly highest sites followed in decreasingder by SS, SGS and CS. The soill
characteristics in the different zones were notclarly different. The average pH was
significantly higher in the two southern zones Gl &GS than in the SS in the north. The
soil organic carboneSOC) of the CS zone was higher than those of the z&@&S and SS,
and the one of the NGS was significantly more irtgrarthan the one of the SGS zone. The
soil texture was considered from three perspectiVhs first perspective was the percentage
of sand in the soil that was more important inzbaes in the middle and incidentally in the
costal zones. The silt percentage, the second ¢urgp, decreased from the North to the
South, and finally the percentage of the clay wasel in the SGS and NGS zones. The
significantly highest percentage of clay was foundhe soil from the CS zone. The free
cations of the soils in the four zones were venyilsir. There were no differences for calcium
between zones, while for potassium only the contéthe NGS zone exceeded those of the
CS and SS zones. For sodium, the soils in bottheoutzones had more than both northern

zones but only the SGS zone had content significaigher than those of both north zones.
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Table 2.4: Comparison of the geographic and soil charadiesigTable 2.1) between the four agro-ecologieales: CS = Costal
Savanna, SGS = Southern Guinean Savanna, NGS hadoiGuinean Savanna, SS = Sudan Savanna

Zones | LATITU HEIGHT PHV SOC SAND SLT CLAY ESCa EK ESNa

CS 6.79+0.07d | 74.48+48.16d | 6.83+0.30 a 6.50£1.69 & 55.41+18.6117.87+5.66 c| 27.46+¥11.79@a 4.90+1.58a 0.15+bH.04 0.18+0.06 ab

SGS 7.4840.33 ¢ 134.44+69.16 c 6.80+0.60 a 5.43+4.2 | 59.33+4.56 a | 20.51+4.06 b 21.57+2.79|c  4.6®@.7] 0.17£0.03 ab| 0.20+0.04 &

NGS 9.56+0.67 b 370.32+49.77|]a 6.68+0.56ab  6.B3ra4b | 57.67+5.74 ab 21.28+4.02|b 22.93+3.74c A4Mta | 0.18+0.08 a 0.17+0.05 b

SS 11.17+0.50 a 291.08+74.66 b 6.53+0.46 b 5.63Hc0 | 50.74+5.72c | 27.26x4.26pp 25.59+4.07|b  4.68*@. | 0.14+0.03 b 0.16+0.03 b
U Values in a column followed by same the lowerdaster are not significantly differenP(= 0.05). Percentage dataqC, SAND, SLT, CLAY) were arcsine

square root transformed prior to analysis.
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More interesting for this study were the correlasidoetween these geographic/soil
variables and those of ti#e flavus populations in the soil and in the maize graind amally
the aflatoxin produced in maize. The coefficientcarrelation, all based on the data of the
100 fields, are summarized in Table 2.3. The ld&tand the height were positively correlated
with the percentage of S-strain isolates and neglgtivith theA. flavus incidence in the soll
and in maize as well as with the percentage ofréisisolates in the soil. The soil pH was in
positive correlation with the percentages of Listigolates and of atoxigenic strains and in
negative correlation with the percentage of S1strenlates. The organic carbon content was
positively correlated with the percentage of atexig strainsr(= 0.19), but negatively with
the aflatoxin contentr (= -0.20). The sand was positively correlated it toxigenic strains
percentage and negatively with the atoxigenic ofks.soil percentage of silt was in negative
correlation with the percentage of L-strain isadatend with the incidence & flavus in
maize, but in positive correlation with the peregyg of S-strain isolates. Finally, the clay was
favorably correlated with the atoxigenic strainscpatage (Table 2.3). Generally, the soil free
cations were positively correlated with the perages of L-strain isolates and of atoxigenic
strains. Moreover, sodium was in positive correlatwith the soil incidence k. flavus and
L-strain percentage and N-strain (atoxigenic styaéncentages) but in negative correlation
with the toxigenic strain percentage.

Maize samples collected in all villages at threeet allowed to determine that
whatever the sampling date, the incidenceAofflavus in maize grains ASPERGy) was
always higher in the CS and SGS zones, but withdtgrences between these two zones.
There was also a similarity between the incidenicenaize in the NGS and SS zones. In
contrast, the aflatoxin concentration in maize dat differ statistically between the four
zones at the first sampling date; at the seconglsagndate, only the aflatoxin contents in
maize from SGS and NGS zones were different arideathird sampling date, the aflatoxin
concentration of maize in the SGS zone was sigmtlg higher than in the northern zones.
Finally, the last two samplings of maize graingrirthe CS and SGS zones contained more
propagules of\. flavus than the first sampling and that trend was alsseoked for aflatoxin
concentration in maize (Table 2.5). In the NGS &8I zones, neither the incidence Aof

flavus in maize nor the concentration of aflatoxins crethgith time.
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Table 2.5: Comparison of thA. flavus density ASPERGy) and aflatoxin concentrationATOXINy) in maize between four
agroecological zones (CS = Costal Savanna, SGSuth&m Guinean Savanna, NGS = Northern GuineannBays&5S = Sudan
Savanna) at three samplings dates.

Zones Logarithm ofAspergillus flavus density ASPERG,,) and aflatoxin concentratiod{OXINy) in the maize

First Sampling Second Sampling Third Sampling

ASPERGy, ATOXINw ASPERGy, ATOXINy, ASPERGy, ATOXINwy
CS 2.73+1.44 aB 0.52+0.60 a B 3.37+1.13 a A 0.8610.74 ab AB3.60+1.13 a A 1.16+0.52 ab A
SGS 2.86+1.32 a B 0.53+0.87 aB 3.27+1.10 a ABL.28+1.00 a A 3.80+1.13 a A 1.83+1.22 a A
NGS 1.79+1.44 b A 0.25#0.55 a A 1.94+1.13 b A|0.49+0.60 b A 2.21+1.13 b A 0.63+0.86 b A
SS 1.89+1.46 b A 0.53+1.04 a A 2.07+1.33 b A| .8981.13 ab A 2.20+1.39 b A 1.04+1.09 b A

D values in a column followed by the same lowerdatter are not significantly differenP(= 0.05) and values of the same variable in a rovo¥odid by the
same uppercase letter are not significantly diffe(@ = 0.05). Both variables were k1) transformed prior to analysis.
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The stepwise multiple regression analyses, coriegléhe characteristics of th&.
flavus population in the soil in relation to the geographnd soil variables, resulted in
equations with only a few significant independeariables.

The incidence of. flavus in the soil decreases with the site height acogrdo the
equation 2.2.

ASPERGg = 534-0.003x HEIGHT witlR? = 014 (2.2)
In case of the percentage of L-strains in the pojulation, four significant independent
variables were identified: the site height, soil, @dnd and clay percentages. Only the height
had a slightly negative impact on the L-strain patage, the other variable had a positive
impact (equation 2.3).
L — STRAIN =-20339- 008xHEIGHT +1723x PHV + 192x SAND + 252x CLAY

with R* =030 (2.3)
As expected from the earlier statements, the pagerof S-strains in the soil was positively
affected by the site height (equation 2.4).

S-STRAIN = -601+ 009x HEIGHT with  R*=021 (2.4)
The percentage of toxigenic strains was positivg@lyenced by the sand, the silt and the clay
percentages in the soil, but also by the calciumtesd. On the other hand, the potassium
content had a high negative impact (equation 2.5).

T - STRAIN = -162020+1812x SAND +1167x SILT +1604xCLAY +1180x ESCa - 21303x ESK
with R? =016 (2.5)

The percentage of atoxigenic strains was positirdlyenced by the soil pH and the sodium
content (equation 2.6).

N - STRAIN = -9605+1248x PHV +19934x ESNa with R? =017 (2.6)
The incidence ofA. flavus in the harvested maize decreased with higheutiitand the
potassium content (equation 2.7).

ASPERG), = 704- 039x LATITU - 605x EX with R?> =024 (2.7)
And finally only the soil organic carbon contentdha negative effect on the aflatoxin

concentration in maize:

ATOXINy = 201~ 013x SOC with  R? = 004 (2.8)
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Multiple regression analyses were also used toribestheA. flavus incidence and its
aflatoxin production in maize in relation to soibgulation characteristics and to find a
relationship between aflatoxin content afudflavus incidence in the same maize sample. It
turned out that aflatoxin concentration in maizeswdluenced byA. flavus soil incidence and
the percentages of L- and S-strains in the soudggn 2.9).

ATOXINp; = 104+ 024x ASPERGg — 001x L — STRAIN - 001x S— STRAIN

with  R?*=011 (2.9)
Finally, the relationship between aflatoxin contamd A. flavus incidence in maize was

calculated as equation 2.10.

ATOXINy, = 054+ 026x ASPERG), with  R?=015 (2.10)

25 Discussion

Many studies describing the composition A&f flavus communities in relation to
certain factors such as climate (Orum et al, 198&rdwell et al., 2002) and soil (Jaime-
Garcia et al., 2006) have been undertaken espeamathe United States of America and in
Benin. The main interest of these studies was terohgne the principal components of the
soil or the climate characteristics that have teeninant impact oA. flavus incidence and
its population composition, in order to forecaAsflavus incidence or aflatoxin contamination
in a particular zone over a certain period of tifileough in a more simplified way, the same
methodology was used here with emphasis on theardilgeographic parameters responsible
for A. flavus incidence and aflatoxin production in maize in Bepublic of Benin.

The positive correlation between the incidencé\oflavus (cfu/g) in the soil and the
percentage of L-strain isolates in this studyaisly logical since even in zones where high
percentages of S-strain isolates were found, therdin isolates are still dominant in
percentage (NGS zones and SS zones). In this stiuele was no correlation between the
percentage of S-strain isolates and the densitj. dfavus propagules. But there was a
positive and significant correlation betwe&rflavus incidence and L-strain percentages. This
result is comparable to a previous study of Orunalet(1997) who found a correlation
between théA. flavus incidence in the soil and the composition of dsnenunity. Moreover,

the A. flavus incidence, in this study, was slightly positivaretated with the percentage of
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the toxigenic isolates. The lack of correlatiorvEnA. flavus incidence and on one hand the
percentage of S-strain isolates and on the othet thee percentage of atoxigenic isolates may
be due to the fact that these two kindsAoflavus isolates were low in number and hardly
representative of the population. This was espgdiale for the S-strain isolates for which
the percentage in certain villages was zero. Howewethe specific case of the S-strain
isolates in Benin, there were strong positive datiens with the latitude and the site height
above sea level of the studied fields and theseslations were negative in relation to the L-
strain percentage. This is also not a new findingesCardwell et al. (2002) already noticed
this fact and linked it to the climate that is gegtwetter toward the south of Benin while the
S-strain isolates are getting rarer. In our study a similar study of Cardwell et al. (2002),
the climatic effect can be suggested though in Betimatic characteristics change in the
same North-South direction with the driest arethanNorth. That hypothesis was first made
by Orum et al. (1997) based on different seasonisarsame area with higher incidence of S-
strain isolates in the driest season. The quedtiah remains to be confirmed is the high
correlation of the site height and L/S-strains cosifion of the population. This could be also
due to the climate change with height since thé&dsg percentages of S-strain isolates were
recorded in the highest site zone (NGS). But ingbecific case of this study this cannot be
definitively conclusive for at least one reasons lhot easy to conclude that the change of the
climate due to the height is more important thandhe due to the latitude. It would be more
accurate to consider a synergistic effect of theggtlteand the dryness to promote the
proliferation of S-strain isolates.

The incidence oA. flavus in the soil was not significantly correlated witke one in
maize. Thought unexpected, the fact could be expthiby the variability of the virulent
isolates on the maize varieties used. Only thdemtusolates can be infective. A zone with a
weak incidence oA. flavus could nevertheless contain more virulent isoldtesthe maize
variety cultivated there. Cotty (1989) showed thatcottonA. flavus strains had variable
virulence. This possible explanation was also thisethe study of Cardwell et al. (2002).
Among 227 maize samples that were aflatoxin pasitonly 7 were aflatoxin G positive and
they assumed that the fraction of S-strain isolateshe population has produced this
aflatoxin G but they recognized that the virulerdeS-strain isolates in normal cropping

system on maize was not yet fully studied.
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Since it is known that the S-strain isolates predgenerally a higher level of aflatoxin
than L-strain isolates, it is understandable thatgercentage of S-strain isolates is positively
correlated with the percentage of toxigenic is@abt negatively correlated with that of the
atoxigenic isolates. Thus it is obvious that a higlidence of S-strain isolates in a population
increases the potential of the population to predaftatoxin. From this same assertion it is
normal to expect that the high frequency of therhis isolates in a population increases the
chance to have atoxigenic isolates in the involyepulation since it is well known that only
L-strain isolates could be atoxigenic. This conidnds supported by similar results of Cotty
(1997) in an earlier study in the United Statese Torrelation coefficient and even the
probability of the correlation between the aflatogontent in maize anél flavus incidence in
maize were higher when comparedddlavus incidence in the soil. This is surely due to the
fact that only isolates that successfully infectizaaare able to produce aflatoxin in it. The
maize infection by isolates from the soil dependsnoimerous factors such as their own
virulence on cultivated maize, the environmentatl amltural conditions to infect and
colonize maize. There is no certainty that the alagolates present on maize kernels are all
directly related to those in the soil beneath tlaézen Indeed, Wicklow et al. (1998) attributed
a high role to the wind and insects that can ctamgign isolates to the observed field.

Pearson correlations did not conclusively helddscribe the effect of the soil texture
onA. flavus incidence and its community’s composition. In mofsthe cases, the correlations
were not significant and when they were, both tbeffeccient and the probability of the
correlation were rather weak. Jaime Garcia €R8I06) attributed the within region (distance
> 25km) variation of the percentage of S-strainaites to the soil type especially to the clay
percentage in the soil. But in the current study $istrain isolates were correlated neither
with the clay nor with the sand percentage in €k there was a slightly positive correlation
between the silt content and the S-strain isoldtes 0.19, P = 0.05) and a negative
correlation between the L-strain isolates and iheantent ¢( = -0.23,P = 0.02). The specific
properties that favor S-strain but not L-strainlases remain obscure and could only be
explained if it could be proven that both straiolages have different behavior in relation to
environmental factors including soil properties aoditents. The same authors attributed the
interregional variation of S-strains to crop vadatespecially with predominance of cotton
and sorghum. Moreover, Orum et al. (1997) and i@sdwell et al. (2002) identified the dry
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climate as main factor for an increase of S-st@@rcentage. Both reasons, in the case of
Benin, could be taken into account and even ti@rdependency should be considered since
with the agricultural technology level of Beninpps such as sorghum are only cultivated in
the north while maize is cultivated in all zone®ttGn is commonly grown in the SS, NGS
and SGS zones. Then only tolerant crop for a zdineate could be grown in that zone and
even if maize cultivation is expanding in termsacga exploited through the North since some
decades because of more tolerant varieties promdatghould be remembered that that crop
is relatively new in these regions (northern zonelgre the traditional cereals were millet
and sorghum. Then the climate variation from thet®do the North with the additional
influence of the cropping systems or crops growreach specific zone could explain the
variation of S-strain isolates frequency in thel.s@ome uncertainties apply to the soll
availability of cations action on thk flavus population composition. It is interesting to netic
the positive correlation between the sodium conderat the percentage of atoxigenic strains.
In this study, there was no correlation betweerr@rsisolates and any of the studied soil
cations. The L-strain isolates were positively etated with calcium, potassium and sodium
contents and the latter is also in positive coti@hawith the soil incidence oA. flavus and
the percentage of atoxigenic isolates and in negatorrelation with the percentage of
toxigenic isolates in the soil. This effect of sadi could be linked to its properties to
decrease the availability of other cations. Itnewn that an excess of sodium cations in a soill
tends to make the other cations less availabléhi®rplant. A hypothesis could be that the
presence of sodium leads to the lack of some ations needed by some microorganisms
that compete in the soil witA. flavus. If there is no competition then there is no némd
aflatoxin that is sometimes described as compatitimols of A. flavus (Lillehoj, 1980;
Wicklow, 1981). Then the capability éf flavus strains to produce aflatoxins is lowered and
the number of atoxigenic isolates is increasedoltld also be inferred from this study that
only the L-strain toxigenic isolates are then iweal since there is no correlation with the S-
strain isolates that are almost always toxigenic.

Concerning the incidence #f flavus in maize, it was observed in this study that the
average incidences in the southern zones werefisamtly higher than those in the north
while the corresponding aflatoxin content did raldw the same pattern and in this case only

the SGS zone had significantly higher average @flatcontent than the NGS zone. Once



Chapter 2. Search for determinant factors 29

again it is hard to explain this discordance betwt two variables but as it is known and
said earlier in this paper the aflatoxin productiormaize depends of course on the presence
of toxigenic isolates but also on many other patamsethat have to be taken into account.
These parameters include the cultural methodstipada(Jaime-Garcia et al., 2006), the
actual climatic condition (Cotty et al., 1994) ati population composition ofA. flavus
(Cotty, 1997), even some random effects could aksanvolved since the level of insect
infestation and wind parameters should be parthef équation. Another remark is the
temporal progress of th&. flavus incidence and aflatoxin content in maize in batbiteern
zones compared to the northern zones. Only theatdinsould be used to explain it. The
country subdivision in zones has as basis the tln@aracteristics. Both northern zones
have a more similar climate than both southern zahéhe number of seasons and other
climatic parameters such as rainfall and the lergjtithe growing seasons are considered
(Cardwell et al., 2002). The climatic conditiong &iored products as maize appear more
favorable in the North than in the South. In thatkern part of the country, the frequency of
rain is higher and consequently the favorable dam for mould growth closer to the
optimum.

The stepwise multiple regression analysis allonedatice that the height of the
sample sites was the only factor that had an impad. flavus incidence in the context of
this study. That impact has been rarely reportetienprevious studies. Even if this influence
is relatively weak, with a coefficient of regressiof -0.003, it would be very interesting to
discover the main component that change with thghbheince the climate that would be a
more plausible component changes also with theutlti However, the multiple regression
analysis did not show the latitude as determinaotof for the incidence oA. flavus. It
showed that the height of a site should be takenaocount while evaluating the incidence of
A. flaws in the soil. Accordingly, the soil composition # and L-strain isolates also
depended on the height that seemed to have a vegaipact on the L-strain and a positive
one on the S-strain isolates. In the case of thidémce of L-strain isolates, in addition to the
negative effect of the height, there were posigffects of the pH, and of the sand and clay
percentage of the soil. If the S-strain can be @no&s virulent on maize then the site height
above sea level could be used as a parameter laagvdhe risk of aflatoxin production in

maize.
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The toxigenic strains are promoted by sand, ddty and calcium content. In the case
of the main components of the soil texture, it ifiailt to find all of them acting in the
advantage to the toxigenic strains. The possiblg tea explain it is to consider their
respective fractions in the soil. In equation 2Heir coefficients are close enough to think
that about one third of each of them makes up #s¢ $oil texture allowing, maybe indirectly,
the promotion of toxigenic strains. Besides thd sexture, the calcium content is also
favorable to toxigenic strain isolates and only plmeéassium is strongly detrimental to these
isolates. In the case of atoxigenic strain isolatfes pH and the sodium content are the only
favorable factors for their increase in the sob. Understand how these different parameters
promote or hinder toxigenic strains, it seems irtgoarto know the soil microbiology and
dynamics that could have an indirect effect onpgbiential ofA. flavus to produce aflatoxin.

A. flavus incidence in maize is negatively impacted by tt@éude and the potassium
content. If it is clear that the impact of the tiadie would be through the climate, it is more
complex to determine how potassium content coultk hen impact on the incidence Af
flavus in maize. The only possible link is found in iffeets on growing maize plants. One of
the roles of potassium on growing plants is itsperty to increase the strength of the plant
and its resistance to diseases and insects (Pivid@06). Finally, the equations 2.9 and 2.10
showed clearly that the production of aflatoxinnmaize depended on the incidencelof
flavus in the soil and also in the maize. This is ratheonfirmation than a new finding if the
previous comments of this study are considered.aBudnfusing fact is that both percentages
of the L- and S-strain isolates in the soil hamarapact of the same intensity (equation 2.9)
and negative on the aflatoxin production in maizeneif this impact is rather light (with -0.01
as coefficient). But this could be easily explain®dthe fact that only the L-strain isolates
could provide atoxigenic strains in Anflavus population. Thus a high percentage of L-strain
isolates increases the chance to have less aftatdke virulence could also help to explain
why the percentage of S-strain isolates has a wegatpact on the aflatoxin production in
maize because the question about their virulenamaire is still raised. Even though they are
more toxigenic, if they are unable to contaminataize, they will reduce the number of
virulent toxigenic isolates that would infect maize

From the list of equations and tables 2.2 and i2i#hay be possible to conclude that

aflatoxin concentration in maize in a site depemus$he soil organic carbon content, on fe
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flavus incidence in the soil, on the soil compositionfofflavus population (L-strain isolate
percentages) and on tAeflavus incidence in maize. From that first step only slo@ organic
carbon content can be directly measured from tiielaca second step, the estimation of the
soil incidence ofA. flavus from the site height together with the estimatdrihe percentage

of L-strain isolates from the height, the soil ghle sand and the clay percentages in the soll
can help to refine aflatoxin risk assessment. Alsoparallel with the S-strain isolates
estimated from the height or tle flavus incidence in maize estimated from the latitude and
potassium content in the soil.

This survey has helped to have rough ideas abeunt#jor factors leading to aflatoxin
contamination in cultivated maize in Benin. Butthar work is needed to show more
accurately the relevance of these factors. Fiesstime kind of work should be repeated over
more seasons and more places to make sure thdéadtoes are stabilized, but also more
fundamental research is needed, for instance orvdhability of the virulence of isolates

within a population of\. flavus.
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Chapter 3. Effects of variety, cropping system and soil inoculation with Aspergillus

flavus on aflatoxin contamination of maize

31 Abstract

Effects of soil inoculation wittA. flavus, variety and cropping system on the level of
aflatoxin in stored maize in Benin were investigatéenerally, the concentration of aflatoxin
B: and B increased during storage. Variety and inoculatiothh A. flavus were the main
factors influencing the production of aflatoxinsstored maize. The improved maize variety
had higher levels of aflatoxin;Band B compared to the local variety. A similar trend was
observed for the number of colony forming unitsfofflavus. Intercropping with cowpea
(Vigna unguiculata (L.) Walp.) decreased aflatoxin concentration in the improveazem
variety but not in the local maize variety. On tlogal maize variety, higher levels of
Penicillium spp. and lower levels dfusarium spp. were observed than on the improved
maize variety. Neither the variety nor the soildatation with a toxigenic strain @. flavus
or the cropping system had an effect on the pojomstof major storage insects, but their
numbers in the stored maize were positively coredlavith aflatoxin. The initial fungal
inoculum level and the water content of the maieme&ls after harvest played a significant
role in A. flavus infection initiation and development. These fasteould be utilized in

forecasting the rate of aflatoxin production andtamination levels during maize storage.

3.2 I ntroduction

In tropical Africa, maize is a staple diet of logadpulations, and one of the most
vulnerable crops to aflatoxin contamination. Maigeisually stored for a long period, either
for self sufficiency during the dry season, or foarketing in periods when prices have
increased. Aflatoxins are secondary metabolitesdyred by Aspergillus flavus and
Aspergillus parasiticus that affect many crops, including peanut, maizan; cottonseed,
rice, spices and other crops (Bennett & Klich, 2008 flavus is more common thaA.
parasiticus in African soils (Cardwell & Cotty, 2002) and oraine (Atehnkeng et al., 2008).

Among the factors contributing to aflatoxin prodantin crops are genotype (Mehan et al.,
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1986), environmental factors (Sander et al., 19B@)lequate agronomics practices, storage
techniques (Jacques, 1988; Hell et al., 2003)pthsence of insects (Dowd et al., 2005), and
other fungal organisms (Hill et al., 1985). In ticg) regions, the threat of aflatoxin
contamination is high, since most of the factoeg tavorA. flavus and toxin development are
prevalent in these agricultural systems. The coatlwn of some or all of these factors
ultimately results in favorable condition for afiains development in field crops, stored food
and feed (Cardwell & Henry, 2004). Aflatoxin contaation of maize is a serious public
health issue that has been studied extensivelficplarly in West Africa (Gong et al., 2002;
Williams et al., 2004).

The determinant factor foA. flavus infection in a maize field is the presence of
primary inoculum. The presence Af flavus propagules in their infective form during maize
ripening, harvesting, and during storage is anrggdefactor for maize contamination by
aflatoxin. The more probable the presencé.dfavus inoculum in a field is, the higher is the
risk of contaminated maize (Horn 2003; Jaime-Gagc@otty, 2004).

The impact of other biological factors affecting imeain Africa during different
processes from the field to the storage structaselteen studied extensively (Setamou et al.,
1997; Hell et al., 2000). Insects are one of thmgpal factors that increase aflatoxin
development, as they cause wounds on grains argldioing their feeding by removing the
natural barriers that protect maize grains, andsaglently increase the accessible area for
fungi colonization. The activities of insects alsise the moisture level in the storage due to
their metabolism, thereby changing environmentalddons (Beti et al., 1995). Insects can
also transport fungal propagules during their moseirbetween grains (Beti et al., 1995).
Thus, a strong insect presence either during ptamuor storage significantly increases the
risk of aflatoxin contamination.

The impact of other fungi on the developmenAofiavus and aflatoxin contamination
depends primarily on environmental conditions andnmld species involved. It has been
reported that the presenceFafsarium spp. is detrimental té. flavus development (Wicklow
& Shotwell, 1983). However, the direct impact Bfisarium spp. orPenicillium spp. on
aflatoxin production in maize has not been studesghecially not under field conditions in
West Africa. Most studies have concentrated on ¢beelation between aflatoxin and
fumonisin contamination (Abbas al., 2005).
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Previous studies have shown that aflatoxin redistaize genotypes exist (Brown et
al., 1999). However, it has been difficult to brdeda resistant variety that has a good and a
viable level of resistance to mycotoxins (Campl&IWhite, 1995). The most important
causes for this are (i) the lack of identified sémnce genes, (i) the complex nature of
inheritance of resistance, (iii) the varying levefdnfection byA. flavus in maize and (iv) the
high variability of maize contamination by aflatoxwithin and between seasons that limits
resistance transfer (Menkir et al., 2006; Munkvd@03). Researchers at the International
Institute of Tropical Agriculture (IITA) in collabration with the Southern Regional Research
Center (SRRC) in the USA have collected diversecasuof maize germplasm for breeding
aflatoxin resistant genotypes (Menkir et al., 20@®&¢netically, maize resistance to aflatoxin
IS more quantitative than qualitative (Gardnerletl®87). Knowing that quantitative genetics
is highly influenced by environmental factors, thegve to be integrated into an eventual
explanation of the variable susceptibility of aeggivgenotype during maize cropping.

Maize intercropping with another crop was identifees one of the possible favorable
factors for aflatoxin accumulation in maize in Wdsdtica (Hell et al., 2003). The most
prevalent cropping systems in Benin are maize/caywpeaize/cassava, and maize/peanut.
The intercropping of maize and cassava, maize amatb as well as maize and pepper were
associated with reduced amounts of aflatoxin inzenabut only for northern localities (Hell et
al., 2003). In a previous study, Cardwell et aDQ@) found that maize intercropping with
others crops such as cotton and sorghum also senld@he risks of aflatoxin contamination in
maize. This led to the hypothesis that maize intgnoed with some crops increases the risk
of aflatoxin contamination in maize kernels. Similamaize rotation with susceptible crops
or monocropping of maize on the same plot can leada high level of aflatoxin
contamination (Bruns, 2003).

In order to develop effective and efficient contneéthods, a good understanding of
the effects of different abiotic and biotic factdhat influenceAspergillus development and
aflatoxin production is important. The objectivdstlas study were, therefore, to investigate
the impact of maize variety, cropping system anugnary inoculum levels on aflatoxin
production byA. flavus, and to determine the relationships between aflatoontamination
and other biotic factors such as storage insedasnaolds. Understanding these interactions

could be useful in forecasting the expected le¥aflatoxin contamination in pre- or post-
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harvest maize, where a timely application of suéabethods for aflatoxin control is critical,

especially in zones with limited production res@s.c

33 Materials and M ethods

The two maize varietiesZéa mays) used in the experiment were “Gbogbe”, a local
maize variety with a maturity cycle of 90 days, afidSR-W" (tropical Zea mays streak
resistant white), an improved variety. The lattariety has a longer maturity cycle of 120
days, and was expected to be less affected byoxiftst because of the hard envelopes of its
kernels that could prevent the penetrationAoflavus. Besides the pure stands of the two
maize varieties, their intercropping with a locaD @ay variety of cowpea called
“Kpodjiguégué” was tested. The cowpea was sownrrateng in every row. Half of the
experiment was inoculated with a toxigemic flavus strain that was isolated from maize
collected in the coastal zone (South) of the Raputfl Benin. A completely randomized
block design of the eight treatments (two varietiesvo cropping systems, with and without
A. flavus inoculation) and three replications was used @&bl). Each plot had a size of 8 m
x 8 m. Maize plants within a row were separate@bym and the rows were separated by 75
cm. Two weeks after planting, a NPK fertilizer (15-15) was used at a rate of 160 kg per ha.
At the beginning of grain formation, urea was agpglat a rate of 50 kg per ha. Weeding was

carried out before each fertilizer application.
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Table 3.1 - Factors combinations and treatments referenicige dield experiment

Number Variety Cropping system Inoculation Treatment
1 Gbogbe Intercropped with cowpea Inoculated LVCP1
2 Gbogbe Intercropped with cowpea Non-inoculated Cpo

3 Gbogbe  Pure stand Inoculated LV1

4 Gbogbe  Pure stand Non-inoculated LVO

5 TZSR Intercropped with cowpea Inoculated IVCP1
6 TZSR Intercropped with cowpea Non-inoculated NoCP

7 TZSR Pure stand Inoculated V1

8 TZSR Pure stand Non-inoculated IVO

For inoculation, the culture of the isolated strasms purified by the single spore sub-
culture method and tested by spore suspensionefeation followed by aflatoxins extraction
and quantification. The purified strain was prepaoa Petri dishes containing 5/2 medium
(5% V8 juice and 2% agar) (Cotty, 1989) for conigraduction used for soil inoculation. The
Petri dishes were incubated at’3lin the dark for 7 days. The conidia were colldcamd
suspended in sterile distilled water to make a esmuspension. Approximately 1Q0 of
Tween 80 were added per liter of water and the eatnation of the suspension was
determined using a hemacytometer. The original enspn was diluted to obtain a
concentration of 2.7 x I0conidia per ml used for inoculating autoclavedt riaddy at the
rate of 100 ml spore suspension per 1000 g of &awed paddy. The inoculated paddy was
mixed by shaking, stored for 5 days af@in the dark in an incubator (Percival (Model I-
35LL), Boone, lowa), dried in the open air and atansferred to the field for broadcasting.
The inoculum (paddy-spore mix) was propagated wagproximately 50% of the maize
plants started flowering between 35 and 44 days afvwing. For each plot, one kg of the
inoculum was used that was spread uniformly by rewedt the whole area of each plot.

Soil samples were taken from the top soil layer- ® cm depth) in all 24 plots
approximately 24 hours before field inoculation awd weeks after inoculation to verify the
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effectiveness of the treatment. Eight sub-sampleewaken along diagonals, five along the
medians and one in the center of each plot. Theubdsamples were pooled and mixed to
represent one sample per plot. The soil water abonias determined from differences in
weight of soil samples before and after dryinghia tven at 130°C for two hours.

The number of colony-forming units (cfu/g of soias obtained by mixing 10 g of
soil in 50 ml of sterile distilled water in a flaskhe flask was then vigorously shaken for 30
min and 100 micro-liter of the resulting suspensivere used to inoculate a Petri dish
containing a Modified Rose Bengal Agar (Cotty, 1p9%he Petri dish was then incubated at
31° C in the dark for three days and all isolates bgilog to the genudspergillus were
subculture onto a 5/2 medium. After seven daysnotibbation, isolates were identified and
number ofA. flavus colonies was recorded. When too many colonies apgeon the Petri
dishes, the suspension was further diluted, reghl@eubated, and recounted.

The maize cobs were harvested at maturity, whidumwed at 110 and 125 days after
planting for Gbogbe and TZSR-W, respectively. Afseam drying for two days, the cob
samples were collected for each treatment andetimainder of the harvest was stored in jute
bags and kept in a storage room on wood palletsarAple of 15 cobs was taken from each
treatment and analyzed in the laboratory after twe, three and four months in storage. The
percentage of the de-husked cobs covered with nveddsassessed visually followed by grain
shelling, counting and identification of all insegtecies observed. Ground maize was used to
determine moisture content with the method desdrdimve.

To assess the infestation of maize kernel#&\biyavus, 10 g of ground maize of each
cob sample was mixed in 50 ml of sterile distillsdter in a flask. The number of cfu was
then obtained following the same steps as for dfoildetermination. The number of cfu of
Penicillium spp. was estimated on potato dextrose agar amemitiedose Bengal. Fusarium
severity of cobs was determined by visually estingathe percentage of the cob area covered
by this fungus.

The aflatoxin contamination from ground maize waednined as described by
Thomas et al. (1975). For each sample, 50 g ofgtanaize were weighed in a 500 ml
Erlenmeyer flask, 250 ml of methanol and water 460/ol/vol) were added and shaken for
30 min. The suspension was filtered and separatiéid av mixture of saturated sodium

chloride and hexane solution. A second separatioogulure was performed using chloroform



Chapter 3. Effect of variety, cropping system aoitlisoculation 38

that binds with the toxins, and the mixture wasmtkeained into 250 ml Erlenmeyer flasks
containing 5 g of cupric carbonate. The flask waeken for 30 seconds and filtered through a
Whatman filter No. 42 containing 50 g of anhydrausdfate. The chloroform extract was
collected into a beaker and allowed to evaporatee @xtract was dissolved with 1 ml of
chloroform, transferred into a small container atdred in the refrigerator for aflatoxin
quantification.

Aflatoxin was quantified by thin layer chromatogngpEach sample was diluted with
1 ml of chloroform and spotted at 2 cm from theebass pre-coated silica gel TLC plates with
a mixture of aflatoxins B B,, G; and G standard. The spotted plates were developed in a
mixture of diethyl ether/methanol/water (95/4/1 /vol/vol) for about 25 min. The plates
were dried and canned with a densitometer, CAMA& Tcanner 3 with win-CATS 1.4.2
software (Camag AG, Muttenz, Switzerland). The at@wns in the intensity of the
fluorescence were automatically used in comparisdth the standard to calculate the
concentration of aflatoxins. Samples with too isenfluorescence compared with the
standard were diluted, spotted and chromatograpbeah.

The multi-factorial analysis of variance was pearied using the general linear model
(GLM) procedure in SAS (SAS Institute, 2003) withatiety”, “inoculation” and “cropping
system” as independent variables. The means ofréa#ments were separated by Fisher’s
least significant difference teg? € 0.05).

The concentratior (ppb) of both aflatoxins on maize kernels increased egptally
during the four months of storage in all treatmeA&sthe variability also increased with time
t, the values of the concentration were transform@ti ¢’ = In(c + 1) to create linear
relationships and to achieve homogeneous variafitedest the progress of aflatoxin on
maize stemming from two treatments, for instancenfthe local and the improved variety,
the following model was fitted to the combined daftéhe two treatments:
c'(t)=In(c(t)+1) =(a+dAa)+(b+d[Ab)[t (3.1)
The dummy variabld is equal to O for the first treatment, e.g. fa thcal variety, and equal
to 1 for the second treatment, for example forithgroved variety. Therefore, the parameter
a is the intercept of the regression line of thetfiresatmentAa is the difference in intercept
between the second and the first treatment. ThusA@) would be the intercept of the second

treatment. Similarlyp is the slope of the first treatment, whitd the difference in slope
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between both treatments. Then it was testedibndAb were significantly different from 0.

If one of the two differences was not significantljferent from 0, it was set to 0 and the
regression analysis was repeated with one of tlee{parametric models:

c'(t)=In(c(t)+1) =(a+d[Aa)+blt if Ab=0 (3.2a)
c'(t)=In(c(t)+) =a+(b+dlAb)lt if Aa=0 (3.2b)

If both differences were not significantly diffeteinom 0, the difference with the highest P-
value was set to O firstly. When the remainingeatiéhce in the 3-parametric model (eq. 3.2a
or 3.2b) was again not significantly different fr@nit was concluded that the lines of the two
treatments did not differ neither in the intercept in the slope.

Similar to eq. 3.1 in which the effect of two tne@nts can be compared, another
function was established to simultaneously desdhbealata of the four treatments carried out
with each cultivar:

c'(t) =In(c(t) +1) = (a+d; [Ag +d. [Aa;) +(b+d; [Ab +d. [Al) [t (3.3)
This equation includes two dummy variabldsandd,, to identify the treatment (indexfor
inoculation, indexc for the cropping system), and four difference ®rig;, Aa,, Ab;, and
Ab., to estimate the effect of treatments on the aejgra and the slop® in relation to the
non-inoculatedd; = 0) pure standd{ = 0). As described above, first the full model.(8B)
was simultaneously fitted to the data of the foaatments of a cultivar, and then the model
was reduced by setting non-significant differenstspwise to 0. The regression analyses

were carried out using SigmaPlot10.
34 Reaults

There were high variations of the different varesblespecially over the sampling
period. Except for water content, the highest défifices between all other effects were mainly
observed at the end of the trial.

34.1 A.flavuspropagulesin the soil

All plots had relatively high natural levels Af flavus propagules in the soil, which

ranged from 653.1 to 2062.3 cfu/g prior to the g¢exiic A. flavus strain inoculation.



Chapter 3. Effect of variety, cropping system aoitlisoculation 40

Inoculation increased the level of cfu in IV1 (iroped variety in pure stand and with
inoculation), IVCP1 (improved variety intercroppadd with inoculation), LV1 (local variety
in pure stand and with inoculation) and LVCP1 (lowariety intercropped and with
inoculation) by 1611.1, 879.7, 1791.0 and 543.9g:;ftespectively. Similar increasing trends
were found in the non-inoculated plots IVO (imprdveariety in pure stand and without
inoculation) and IVCPO (improved variety intercreppand without inoculation), in which
increases oA. flavus propagules by 680.7 and 165.9 cfu/g were obseinoea day O to day
15. However, for LVO (local variety in pure stanabdawithout inoculation) and LVCPO (local
variety intercropped and without inoculation), tmember ofA. flavus propagules decreased
by 1300.0 and 240.2 cfu/g, respectively. The amslyd treatment effects showed that
inoculated plots had a significantly higher levélcfu/g of A. flavus propagules than non-
inoculated ones (Fig. 3.1).
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Fig. 3.1: Number ofA. flavus propagules (cfu/g) in the soil of the eight treains
(Table 3.1) before (on day 0) and after inoculafjon day 15). Only the treatments LVCP1,
LV1, IVCP1 and IV1 were inoculated.

3.4.2 Water content of stored maize cobs

The water content of the two maize varieties wagsicantly different during the
first month in storage (Fig. 3.2); the improvedigdr had significantly higher water content
(P < 0.001) than the local variety. In general, Weter content during the first month of

storage was higher than in later months irrespedaftreatment.
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3.4.3 A.flavuspropagulesin stored maize cobs

The number of cfu/g oA. flavus propagules of the different treatments varied with
sampling month. During the first month, the amooinpropagules did not differ between the
two varieties, but in the subsequent months therorga variety consistently had a higher
number of cfu ofA. flavus propagules than the local variety. The situati@s wifferent in the
inoculated treatments with higher cfu Af flavus compared to non-inoculated treatments,
observed from the third month on. Intercroppingnodize with cowpea did not lead to a
measurable impact on the level Afflavus propagules in maize during the four months of
storage (Fig. 3.3). Furthermore, there were noifstgmt interactions between the three

treatments (i.e. inoculation, varieties and crogEgstem).
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cropping system (B) and variety (C).



Chapter 3. Effect of variety, cropping system aoitlisoculation 45

3.4.4 Aflatoxin B; and B, in stored cobs

Only aflatoxin B and B were detected in the maize cobs, with aflatoxin B
dominating in all treatments. The concentration tofal aflatoxin (B+B;) increased
exponentially in all treatments. The variability tife concentrations determined for the 3
samples per treatment and per months was high, aftemthe In-transformation was applied
(Fig. 3.4). When eq. 3.3 was used to analyze tlgrpss of total aflatoxin in the four
treatments of the local variety, neither the inatoh nor the cropping system had a
significant effect on the intercept, which reprdasehe initial concentration of aflatoxin. Also
the slope, i.e. the rate of increase of aflatoxithwime, was not influenced by the cropping
system, but inoculation significantly increased #hepe by 0.43 (Fig. 3.4 A, B). The final
equation for the dynamics of the aflatoxins congitn on the local variety waB{ = 0.65):

c'(t)=-078+ (099+d, (D43 [ (3.4)

In the joint analysis of the four treatments (wéh. 3.3) involving the improved
cultivar, only the effect of inoculation on the géo(Ab)) was not significantly different from
0. Therefore, the final reduced model for the pesgrof aflatoxin on the improved variety
had 5 parameter&t = 0.76):

c'(t) =(-058+d, [128+d_[B13 + (148-d [070) (3.5)
The intercept and the slope of the reference trelatm.e. of the non-inoculated pure stand,
were -0.58 and 1.48, respectively (Fig. 3.4 C,IDyculation increased the intercept by 1.28,
intercropping by 3.13. Inoculation did not affebetslope, while intercropping reduced the
slope by 0.70.

Obviously the two cultivars behaved differentlycaese for the local variety the only
significant effect was that of the inoculation lewpto an increased slope of aflatoxins
concentration progress line, while for the improweatiety, inoculation as well as the
intercropping increased the initial level of afbatts, however, intercropping reduced the
slope of aflatoxin concentration progress line.

When the same treatment combinations of both @rkiwere compared using eq. 3.1
for all four cases, the differences between slopee not statistically significant. The local

variety had always a lower intercept than the inapcbvariety. The difference in intercept
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between the two varieties was significant for thericropped plots in the full model with four
parameters, for the pure stand only when a joiopeslwas assumed in a three-parametric

model (eq. 3.2a).
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Fig. 3.4: Progress of total aflatoxin of the maize kerrkising the four months of storage for
the two varieties and four treatments (see Tallef@. treatment definitions). The
original concentrations (ppb) of the three samples in each treatment pgervation
date were log-transformed with tn¢ 1). The lines are the regression lines resulting
from the simultaneous fitting of eq. 3.3 to theadaf the four treatments for each

cultivar.
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The aflatoxin B concentrations were clearly lower than the aflatoxB;
concentrations. In many samples, no aflatoxin vigas detected at the first and second
sampling date. The aflatoxinyBoncentrations in the different treatments (datasthown)
also increased exponentially, but at a lower leVeke non-transformed aflatoxim Bind B
concentrations of the 96 maize samples measuradgdtire four months of storage were
highly correlated with a correlation coefficient 6f97 (Fig. 3.5). Thus, the aflatoxin, B
concentration of a sample can be predicted fromBtheoncentration. The regression line,
calculated over all samples, had an interceptviaat not significantly different from 0 so that
the line could be forced through the origin witklape of 0.2487 (Fig. 3.5). On average, the
concentration of aflatoxin Bn a sample was, therefore, only one fourth ofdbecentration
of Bs.
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Fig. 3.5: Correlation between the aflatoxin Bnd B concentrations of the 96 maize samples

that were stored for four months.
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3.4.5 Penicillium spp. propagules of stored cobs

During the first month there were only differencedenicillium spp. between maize
varieties, with the local variety being more conitgated than the improved variety (Fig. 3.6).
Neither inoculation, nor intercropping had a sigraiht impact on the contamination with
Penicillium spp. Only after four months of storage the cobmftbe non-inoculated plot had
significantly morePenicillium spp. propagules than the cobs from gdlavus inoculated
plot. The local variety was significantly more segtble to Penicillium spp. than the
improved variety during the first month in storagéie number of cfu oPenicillium spp.
from the inoculated maize plot decreased with gegréme, while the level was fairly
constant for the non-inoculated plots. For maizeeroropped with cowpea, the level of
contamination byPenicillium spp. increased from the first to the third monttsiorage and

then declined during the fourth month in storage.
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Fig. 3.6: Dynamics ofPenicillium spp. propagules (cfu/g) of maize kernels during foenths of storage depending on inoculation

(A), cropping system (B) and variety (C).
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3.4.6 Fusarium spp. severity of stored cobs

A. flavus inoculation did not significantly affect the seigrof Fusarium spp.of the
stored cobs. The only measurable impactFoBarium spp. severity was variety, with the
improved variety having a significantly higher dise level during the storage period (Fig.
3.7). In general, the severity Blisarium spp. increased significantly during storage of maiz
cobs.
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3.4.7 Insect Populations

There were no significant differences among thattnents with respect to the insect
populations during the four months of storage,alth the population diitophilus zeamais
Motschulsky (Coleoptera: Curculionidae) increasagdniicantly during storage. The
Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidapdpulation was
significantly higher for the stored cobs of thedbeariety than for the improved variety at the
end of storage period. The population GQRathartus quadricollis Guérin-Méneville
(Coleoptera: Cucujidae) increased significantlywsen the third and the fourth month of
storage irrespective of treatment. However, theeeewno significant differences among the

inoculation, cropping system and varietal treatraé€hig. 3.8).
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3.4.8 Correationsamong characteristics of stored maize cobs

A significant and positive correlation was observeetweenA. flavus cfu and
aflatoxin B, (C = 0.54, P < 0.0001), and betwekrflavus cfu and aflatoxin B(C = 0.53, P <
0.0001) of the stored maize cobs (Table 3.2). The®a negative correlation (C =-0.34, P =
0.0008) betwee. flavus cfu andPenicillium spp. cfu (Table 3.2) and, betweBenicillium
spp. cfu and aflatoxin B(C = -0.21, P = 0.05). On the stored maize cdfs,severity of
Fusarium spp. was positively correlated with. flavus cfu (C = 0.49, P < 0.0001), with
aflatoxin B, (C = 0.53, P < 0.0001), and with aflatoxin, BC = 0.56, P < 0.0001),
respectively. The positive correlation betweentalan andFusarium spp. was due to the

double positive correlation betwe@nflavus and aflatoxin and\. flavus andFusarium spp.

Table 3.2 - Correlation coefficients between characteristtstored maize cobs. flavus
and Penicillium spp. propagules (cfu), moisture content (%), elleits concentrations (ppb),
Fusarium spp. severity (% cob area covered) and the numibmsects Gtophilus zeamais,

Tribolium confusum andCathartus quadricollis) during storage.

Main observed variables A. flavus Moisture Aflatoxin B; Aflatoxin B,
propagules  content concentration  concentration

Moisture content 0.13 -- -0.32 ** -0.33 **

Aflatoxin B; concentration ~ 0.54 *** -0.32 ** -- 0.97 ***

Aflatoxin B, concentration ~ 0.53 *** -0.33 ** 0.97 *** --

Penicillium spp. propagules  -0.34 *** -0.15 -0.21* -0.16

Fusarium spp.severity 0.49 *** -0.22 * 0.53 *** 0.56 ***

S. zeamais number 0.20 * -0.52 *** 0.50 *** 0.49 ***

T. confusum number 0.02 -0.44 *** 0.28 ** 0.26 **

C. quadricollisnumber 0.25 ** -0.27 ** 0.36 ** 0.36 **

***= P<0.0001, ** = P<0.001 and * = P<0.05
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35 Discussion

3.5.1 Effect of soil inoculation.

In this study, a relatively high level of cfu Af flavus was observed in the soil of non-
inoculated plots, probably because the experimgritak were intensively cultivated with
maize during the previous years of the trial. Imgyal in West Africa, the soils of farmers’
fields commonly have a high level &f flavus propagules, easily causiig flavus infection
and aflatoxin contamination. A survey conducted @ardwell & Cotty (2002) in Benin
showed that all of the 88 fields that were samplede infested witlA. flavus propagules and
some of the soils in these fields exceeded 500 civhile the average was around 486 cfu/g.
Jaime-Garcia & Cotty (2004) identified previouslyogn aflatoxin susceptible crops as a
major primary inoculum source that initiates nawllavus infection cycles during subsequent
maize cropping.

The results also indicated that rice paddy carryinggenicA. flavus was an effective
method of inoculation. However, this methodologyrtoculate fields withA. flavus has been
rarely used in previous studies. Other studiesessgfally used wheat and artificial support
(alginate pellets) foA. flavus inoculum production and inoculation (Daigle & Goti995;
Bock & Cotty, 1999). The application @& flavus established a toxigenic isolate in the
inoculated plots, so thaA. flavus cfu determination and aflatoxin level assessmeas w
possible. However, according to Cotty & Cardwell99®), the levels of aflatoxin
contamination were usually higher if a high prommtof S-strains isolates (small sclerotia
strains characterized by a higher capability fédatakin production in opposite to L-strains
isolate that are characterized by a lower capgiit aflatoxin production) are present in a

given fungal population, but there can be a higietian in the levels.
3.5.2 Aspergillusflavusin maize
The growth curve ofA. flavus cfu of the stored maize cobs indicated that imbect

took place at two major stages. There was an linlgarease in cfu level from the first to the

third month of storage, followed by an increasefinlevels after the third month of storage.



Chapter 3. Effect of variety, cropping system aoitlisoculation 56

The high levels of aflatoxin contamination durirge tfirst month indicated thak. flavus
infection of maize already started in the fieldoprio or during harvest, which was similar to
the observations of Setamou et al. (1997) and Bar&dMabekoje (2003). The high number
of cfu observed at the beginning of the first mootiuld have been influenced by the high
water content observed in the maize kernels abéigenning of storage (Cardwell et al., 2000)
and the aggressiveness of thdlavus isolates (Zummo & Scott, 1990). At harvest, theewa
content in maize reached its highest level whicghihhave favoredspergillus colonization
and development. However, not all propagules ptesmionized the maize kernels
effectively. Cardwell et al. (2000) indicated thexcessive water content in maize could
minimize the resistance of maize kernel to aflatccontamination. In this study, high levels
of moisture content were found in the improved maiariety. The improved maize variety
plots that were inoculated with flavus had a higher level d&. flavus infection than the non-
inoculated and local maize variety plots.

As their water content decreased, the maize kebeslame less susceptible to fungal
colonization, therefore successf@l flavus infection decreased from the first to the third
month. The increasing level éf flavus after the third month could be due to improvement
conditions forA. flavus development and insects’ activities, probably assalt of favorable
temperatures and the multiplication @édthartus quadricollis andTribolium confusum which
were recorded during this period. Furthermore, dgimal activities of insects might have
created a microenvironment that allowAdflavus and other fungal growth (Picco et al.,
1999). Insects can also spreadlavus propagules throughout the maize bulk leading @ ne
infections.

One of the hypotheses why cowpea intercroppingsléadower toxin levels is that the
direct spread ofA. flavus propagules from soil to maize cobs is preventeut. the local
variety, neither inoculation, nor cropping systenffe@ed the values of aflatoxin
concentrations at harvest. However, inoculatiorréased aflatoxin contamination during
storage on maize grown in pure stand as well &adrdpped. This shows the importance of
the amount of the initial inoculum in the soil fidre final aflatoxin accumulation in maize
during storage. In the case of the local variebwymea did not prevent the infection of the
maize plant. The results are different for the iowed variety, in which intercropping and

inoculation both led to higher toxin levels of mait final harvest due to the high levelfof
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flavus infection. However, during storage the kernel tbaginated from the intercropping
system had a lower increase in aflatoXihere could be two possible reasons for this result
First, because of the cowpea covering the soil undgze plants, the strains that infected the
maize in intercropping plots are most probably @ine and not directly transported from the
plot soil and their behavior differed once in sg@acondition. This implies that there was
transport or movement dk. flavus propagules from elsewhere to the maize plantshef t
intercropped plots. Many studies have shown theegmree ofA. flavus propagule in the air
around maize fields (llag, 1975; Abdalla, 1988).eT¢econd hypothesis could be that the
mechanism of infection of the cobs itself was d#éfé. There could be many ways for natural
A. flavus infection in maize cobs. Infection can occur tlglouhe silk and in this cask
flavus propagule are mainly superficial to maize kerndhish & Payne, 1984a, 1984b),
through the cob with access to the kernel through dpikelet (Smart et al., 1990), or
transported by cob borers and other insects (Drefgeenfro, 1990; Beti et al., 1995). The
timing of the penetration and development insigekérnel depend on the kind of penetration
(Marsh & Payne, 1984a, 1984b). It appears thatréripping maize with cowpea could
protect the harvested maize, except for few calesording to these results this type of

control could be positive for varieties very susi#p to aflatoxins.

3.5.3 Maize, Aspergillusflavus and aflatoxins

Understanding the process involved in crop contation by A. flavus is very
important since aflatoxins are only produced byasetA. flavus strains. The results from this
study showed a correlation betwerflavus propagules and the level of aflatoxin. During the
first month of storage, all treatments had almesb aflatoxin content, but the level increased
over time. This has been reported by most studiesevthe toxin content increased over time
(Hell et al., 2000)A. flavus requires favorable environmental conditions anslisceptible
maize variety for colonization and toxin productiohhe toxin production depends on
infection initiation and colonization (Klich, 200lowever, not alA. flavus propagules that
adhere to the grain surface lead to infection. [Ekel of aflatoxin B in maize was four times

higher than the level of aflatoxinBlthough both increased over time in stored maize.
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3.5.4 Interactionsbetween fungi, insects and aflatoxins

Penicillium spp. was negatively correlated with flavus infection and level of
aflatoxin. Either through competition or as a restdilaflatoxin productionA. flavus seemed
to exhibit antagonistic properties agaifgnicillium spp. during storage. Both fungi require
similar conditions and substrate for growth (Maetral., 1998). HoweveFusarium spp. was
positively correlated wittA\. flavus and aflatoxin. The assessmentogarium spp. was based
on visual estimation which is probably less acauras compared to the cfu method. No
evidence of competition or inhibition was obserbedveerA. flavus andFusarium spp.

The three insect species observed during the erpats wereStophilus zeamais,
Cathartus quadricollis and Tribolium confusum. There was no treatment effect on the
dynamics of the different insect species. All thiregect populations increased during storage,
although the progress curves were different. Howetre level of aflatoxin was positively
correlated with the population size of the threec#gs. It is possible that activities of the
insects played some role in the increase in aflatproduction. Cardwell et al. (2000) and
Udoh et al. (2000) studied the effect of insectdivaties and qualified them as favorable for
aflatoxin contamination when they increased theell@f infection ofA. flavus. A similar
trend was observed during our study. Infestatiothieythree insect species in our study could
have predisposed stored maize kernelsAtdlavus infection and increased the level of
aflatoxin production. It is possible that the lewddl aflatoxin production was directly or
indirectly affected by the competition for nutrienbetweenA. flavus and the other fungi
(Calvo et al., 2002).

Overall, the improved variety had a higher levehfiatoxin B and B contamination
compared to the local variety. In this study, tlazietal effect and thé. flavus toxigenic
strain inoculation were the main factors in theduaion of aflatoxin in stored maize. The
effect of intercropping with cowpea was not sigeafit. The rate of the contamination Ay
flavus was very important for the resultant aflatoxin gurotion. Treatments with low levels
by A. flavus colonization showed low levels of aflatoxin contaation in maize. In
conclusion, this study demonstrates the augmestafiect of primary inoculum oA. flavus
contamination and the rate of colonization of gsaand how they affect aflatoxin production

in stored maize. Many studies showed that withadlirgoculation of a substrate the resultant
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aflatoxin content depended directly on the leveltte# inoculum (Odamtteet al., 1987,
Karunaratne & Bullerman, 1990). This study idertfisoil inoculation with a toxigenic strain
of A. flavus and high maize water content level at harvest t{atethe beginning of the
storage) as the two key factors that are critioalaf successful colonization iy flavus in
stored maize. To understand the exact effects loérostorage fungi and storage insects
requires further investigations. With respect t@oramendations, farmers should avoid
continuous cropping of susceptible crops, espgcralize, peanut, cotton, in the same field.

In addition, the use of maize varieties with a shoaturation period is advisable.



Chapter 4. Effect of co-inoculation 60

Chapter 4.  Effects of the co-inoculation of Aspergillus flavus with Fusarium spp. and
Penicillium spp. on the growth of Aspergillus flavus and aflatoxins

production in maize.

4.1 Abstract

Maize maturating in the field at milky stage (prelest experiment) and already
harvested maize kernels (postharvest experiment® weculated withAspergillus flavus
spores alone or in combination withusarium spp. and/orPenicillium spp. In both
experiments, the grains were stored in an incubator sampled weekly. In the preharvest
experiment, the incidence & flavus increased linearly during seven weeks of storaigle w
the same slope in all treatments, but with a dyghigher level in treatments in which
Fusarium spp. was inoculated too. In all treatments, tlogdence ofFusarium spp. decreased
initially and became larger again after four weeksstorage. The level dfusarium spp.
incidence was higher wheRusarium was co-inoculatedPenicillium spp. incidence had
generally a slightly increasing linear trend. le firesence dfusarium spp., the incidence of
Penicillium spp. was reduced. During storage, the aflatoximcentration remained constant
in the control, but increased in all other treatteemith the same rate, when inoculated with
A. flavus either alone or in combination with other fungi.the postharvest experiment the
incidence ofA. flavus increased linearly in all treatments, including ttontrol, starting from
a low level. Compared to the control, the slope tighker aftetA. flavus inoculation and even
higher whenPenicillium was co-inoculated. The incidence Btisarium spp. decreased
linearly in all treatments, although the initiatidence was high. The incidenceRshicillium
spp. varied over time without showing a uniformntteThe aflatoxin concentration in the
postharvest experiment was lower than in the puesar experiment and increased

continuously and uniformly in all treatments.
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4.2 I ntroduction

Maize is an important cereal in West Africa. Th@wad production is increasing since
2000 and has reached approximately 15 millions tor8008 (FAOSTAT, 2010). Maize is
mainly used for human diet, with an increasing gagsita consumption of 24, 25 and 26 kg
per capita per year in 2003, 2004 and 2005 resmgt(FAOSTAT, 2010). Maize is stored
for periods from 3 up to 12 months depending ondireatic zone, mostly in local storage
structures that are managed by farmers (Hell e2@00a; Udoh et al., 2000). During storage,
a high percentage of maize in Africa is infestedibsects and moulds (Lillehoj, 1987,
Cardwell et al.,, 2000), resulting in quantitativedaqualitative losses including losses of
nutritional values (Filtenborg et al., 1996).

Mould infestation is an important problem for tt#l svidely artisanal agriculture of
the West African region, particularly in the preserf insect pests (Dowd 2003; Hell et al.,
2000b). Most infections of maize grains by fungathmgens occur early in the field (Lillehoj,
1987; Wicklow, 1994) and progress later during batytransportation and in the storage
facilities (Hell et al., 2000a; Udoh et al., 2000he most common storage moulds observed
in West Africa are caused spergillus, Fusarium andPenicillium spp. (Hell et al., 2003).
Some of these species produce secondary metabtiigesre highly toxic to humans and
animals (Peraica et al., 1999; Yiannikouris andadgyu 2002). Calvo et al. (2002) explained
that the secondary metabolism is associated witlyifa developmental processes, whereas
Rohlfs et al. (2007) suggested that toxins couldaveurable factors for the evolution of the
fungal population since fungivory predators preliéydeed on atoxigenic isolates.

Aspergillus flavus Link is the most commoAspergillus spp. on maize (Klich, 2007;
Calvert et al., 1978). It can infect maize fromemmg in the field to storage, depending on
agronomic and environmental conditions and managepractices (Payne et al., 1989; Hell
et al., 2000a).A. flavus contamination of maize, its development and subseigaflatoxin
production are strongly dependent on the prevaikngironmental and biotic conditions
(Wilson and Payne, 1994n West Africa, Hell et al. (2003) found that up 6% of the
storage facilities were contaminated with aflatoxin

Another very common mould in West Africa is caubgdrusarium spp. which can be

isolated from maize plants both in the field andstores (Cardwell et al., 2000; Adejumo et
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al., 2007).Fusarium spp. are endophytes of cultivated maize and camiafect maize grains
during their growth (Bacon et al., 2001; Yates &yhrks, 2007)Under cool to warm
temperatures (15 to 30°C) and in high water agti(at, = 0.98 Pa/Pa), toxigenic strains of
these fungi can produce a toxic metabolite thataictgboth humans and animals (Doohan et
al., 2003).The two Fusarium species most commonly isolated from maize in Benane
Fusarium verticillioides (68%) andrFusarium proliferatum (31%) that are mainly responsible
for fumonisin contamination of maize. Most of thaige samples collected were found to be
positive for fumonisin with levels ranging from ndétected to 12 mg/kg in 1999-2000, 6.7
mg/kg in 2000-2001 and 6.1 mg/kg in 2002—2003 agdifscantly higher levels in the two
Southern Costal high humidity zones of Benin (Fdraahoet al., 2005).

Penicillium spp. are by far the least studied pathogens oftliree major storage
moulds of maizePenicillium is a very complex genus in terms of number of iggeand
range of habitats (Logrieco et al., 2003). Someciggeare able to colonize crops and to
produce toxic metabolites such as patulin, citsip@nicillic acid, ochratoxin etc. (Logrieco et
al., 2003; Bennett and Klich, 2003). These fungi odect maize in the field and throughout
storage.

Taking into account that very often fungal infeaBooccur simultaneously on maize,
especially in tropical regions, research has foduse studying the mutual interactions of
different species of the fungal community regardigi@wth, development and possible
consequences for mycotoxins, especially aflatoxadpction (Wicklow et al., 1998; Marin et
al., 1998a; 1998b; Widstrom et al., 1994). Wickletval. (1998) reported that there was an
impact ofF. moniliforme on the growth ofA. flavus when developing together on a substrate.
Marin et al. (1998a, 1998b) confirmed and extenttex$e studies t@enicillium, Eurotium
and Trichoderma and determined that besides biotic factors, enm@ntal factors such as
water activity and/or temperature are also deteants of the predominance of one or the
other species. However, during their tridsnicillium spp. was relatively unaffected by
competition.

Growth of A. flavus can significantly reduce the production of aflatgxas has been
reported forA. niger (Wicklow et al., 1980) ané. moniliforme (Widstrom et al., 1994). As
all these experiments were mainly focused on otheulds notA. flavus, it would be very

instructive to understand how the latter fungushe® in competition with the two most



Chapter 4. Effect of co-inoculation 63

commonly encountered moulds of a different genustanage in West Africa. The resulting
information could help to take into account notyotile environmental parameters, but also
the mycological flora, for risk assessment and forecasting of potential aflatoxin
contamination.

The objective of this work is therefore to deterenithe effect of co-inoculating.
flavus with Fusarium spp. orPenicillium spp. or with a mixture of the two fungal species on
the development oA. flavus and aflatoxin production in maize produced andestan West
Africa (Benin). The inoculation was carried out maize plants in the field and on already
harvested maize grains in order to determine iédtibn in the field or infection during
harvest and storage will have an important impactfurther A. flavus development and

aflatoxin production in maize.

43 Materials and M ethods

4.3.1 Fungal isolates

All strains were isolated from maize grown in thertlern Guinea Savanna (NGS) in
the Republic of BeninFusarium spp. andPenicillium spp. were grown on PDA (Potato
Dextrose Agar) medium, th& flavus strain was grown on 5/2 medium (5% V8 juice and 2%
agar) (Cotty, 1989). The latter isolate was protaigenic after five days of fermentation in
A&M liquid medium (Adye and Mateles, 1964) followeby aflatoxin extraction and
guantification. For aflatoxin determination, to #0 of A&M medium, 100 micro liters of
spore suspension containing abaelit2x10° spores were added and shaken at 150 rpm at 31
°C for five days. To the fermented suspension, T@fmacetone were added. One hour later,
approximately 140 ml of the fermented suspensiars picetone were filtered through filter
paper in a beaker. An equal volume of distilledavatias added to 100 ml of the filtered
solution and extracted two times with 25 ml of nyhe chloride. The methylene chloride
plus acetone solution was filtered through anhysirsulfate sodium and dried at room
temperature. The extract was later dissolved withl f methylene chloride and spotted on a

TLC plate for aflatoxin determination as descrilbetow.
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4.3.2 Spore suspension preparation

Fusarium spp. andPenicillium spp. were grown on PDA medium for 7 days at 26 °C,
the A. flavus strain on 5/2 medium for 7 days at 31°C. The susipas were made using
distiled and sterilized water containing 1Qd per litre of Tween 80. The spore
concentrations were determined by counting the esparsing a hemacytometer with a
microscope. The spore concentrations #Af flawus and Penicillium spp. were

47200" spores/ml and dfusarium spp. 1.7 (10’ spores /ml.

4.3.3 Fidd experiment.

The field consisted of three completely randomilzkks (plots) with five treatments.
Each plot had a dimension of 3.2>m3.2 m contained 32 maize plants planted at ardista
of 0.40 m within a row and 0.80 m between rows.h5alot received a dose of 160 kg of NPK
fertilizer (15-15-15) per ha, two weeks after plagtand 50 kg of urea per ha at milky stage.
The treatments in the field were: treatment A =nadlize plants were inoculated only wih
flavus spore suspension; treatment AP = inoculation Witflavus andPenicillium spp. spore
suspensions; treatment APF = inoculation wiah flavus and Penicillium spp. spore
suspensions plususarium spp. inoculated in the stems; treatment AF = ifadmn with A.
flavus and Fusarium spp.; treatment control = no inoculation (distillsterile water).The
Fusarium spp. suspension was prepared 15 days prior tali&atan and was used to inoculate
sterile toothpicks incubated at 26°C. At flowerstgge, toothpicks witRusarium spp. spores
were introduced into the maize stems between ttenndes just under the node supporting
the main cob. Thé. flavus andPenicillium spp. inocula were prepared as spore suspensions
the day before field inoculationThe maize plants were inoculated with flavus and
Penicillium spp. suspensions at the milky stage of the gr&ins. ml of each suspension were
injected with a syringe inside an incision madéhatinferior part of the cob with a sterilized
knife. After this cobs were left to maturate witlhdurther intervention till harvest. After
harvest, maize cobs were collected in paper bagigransported to the laboratory where they

were shelled and about 2 kg of kernels were stor¢ats at 31° in an incubator. About 150 g
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of kernels were sampled weekly until 7 to 8 wedkar darvest to determine water content, to

assess moulds and to analyze aflatoxin as desdrdled.

4.3.4 Laboratory Experiment

There were five treatments with three replicatiansatment A = 30 ml oA. flavus
spore suspension + 60 ml of sterile distilled watexatment AP = 30 ml oA. flavus spore
suspension + 30 ml d®enicillium spp. spore suspension + 30 ml of sterile distilleder;
treatment APF= 30 ml oA. flavus spore suspension + 30 ml Benicillium spp. spore
suspension + 30 ml dfusarium spp. spore suspension; treatment AF = 30 mA.dfavus
spore suspension + 30 mlfedisarium spp. spore suspension + 30 ml of sterile distieder;
treatment control = 90 ml of sterile distilled watéor inoculation, the prepared spore
suspensions were poured on 2 kg of maize kerneliqusly harvested and left overnight
under the laminar flow hood. The following day, #®treated kernels were transferred into
jars separated for each treatment and put in arbator at 31°C. Weekly samples of about
150 g were taken and moisture content, mould speaie aflatoxin content were determined

with the methods described below.

435 Mould assessment on maize kernels

Grains were washed with NaOCI (3.5%) for one mirartd rinsed twice with sterile
distilled water. Five kernels were placed on wefiédr paper (Whatman No. 15) in Petri
dishes, with twenty dishes (100 kernels) per sarapteincubated at 26°C (Percival Model I-
35LL, Boone, lowa, U.S.) for 7 days with 12 houfslight and 12 hours of dark. Moulds
growing from the kernel were identified (Klich dt,&998; Raper et al., 1949 and Burgess et

al., 1994) and their incidences recorded.

4.3.6 Aflatoxinsextraction

The protocol of Thomas et al. (1975) was used fatain extraction. For each

sample, 50 g of ground maize grains were weigheal %00 ml Erlenmeyer flask, 250 ml of
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methanol and water (60:40/vol/vol) were added draken at 150 rpm for 30 min (Lab-Line
Multi-Wrist Shaker®, Melrose, U.S.A.). The suspemsiwas filtered and separated with a
mixture of saturated sodium chloride (30 ml) andame (50 ml). The methanol water layer
was collected in a separatory funnel with 50 mthbloroform and shaken. The chloroform
binds with toxins and the mixture was released atlask containing 5 g of cupric carbonate.
The flask was shaken for 30 seconds and filteremslitih a Whatman filter No. 42 containing
50 g of anhydrous sulfate. The chloroform extraaswollected into a beaker and allowed to
evaporate. The extract was dissolved with about dfrohloroform, transferred into a small

container and stored in the refrigerator at 4°C.

4.3.7 Aflatoxins quantification

Aflatoxin quantification was done by thin layer chratography. Each sample was
diluted with 1 ml of chloroform and spotted (10$pringe, Hamilton, Bonaduz, Switzerland)
at 2 cm from the base on pre-coated silica gel pla@es (Sigma Chemical, St. Louis, U.S.A)
with a mixture of aflatoxins B B,, G; and G standard. The spotted plates were developed in
a mixture of diethyl ether/methanol/water: 95/4(l/wol/vol for about 25 min. The plates
were dried and scanned with a densitometer, CAMAG Bcanner 3 with win-CATS 1.4.2
software (Camag AG, Muttenz, Switzerland). Concdett ethyl alcohol (95%) and
hydrochloridewere mixed 90:10 (v/v) and sprayed on the dried fll&tes. The plates were
observed under 365 nm light and those spots that g a yellowish-green fluorescence

confirmed aflatoxin presence.
4.3.8 Moisture content determination
The moisture content was determined by weighingpecifed amount of ground

maize (Tekmar IKA-A10, Analytical Mill) before arafter drying for two hours at 130°C and
calculating the weight difference (1.S.0., 1979).
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4.3.9 Dataanalysis.

Data were analyzed using SAS (SAS Institute, I@ary NC, USA) software.
Multiple regression analysee € 0.05) were conducted for a linear mixed modelgi®ROC
MIXED of SAS (Littell et al., 1996). For both experents, one analysis was carried out for
each of the response variables: incidencé.dlavus, Fusarium spp. andPenicillium spp.,
moisture content and aflatoxin concentration. Fenee and moisture content were arcsine
square root-transformed before analysis, and ailataconcentrationc (ppb) by the
functionc'=In(c+1) . The homogeneity of residuals was checked visudllye models
included two fixed effects (treatment and time, cefed as week number) and their
interaction, and replicate was a random effect. aoregressive model was specified to
account for autocorrelation through time, optawh(1) of SAS. The degrees of freedom were
calculated using the Satterthwaite method.

For the analysis of the dynamics of the three fungeidences and of aflatoxin
concentration during seven weeks of storage inmtae, equation (4.1) or (4.2) was fitted to
the joint data of the five treatments in each expent:
fi(t) =(a+dp[Dap +dp [Dap +dp [Dap ) + (b+da [Abs +dp [Abp +dp [Abe ) [@ (4.1)
fo(t) = (a+dp[Nap +dp [DNap +dp [Nag ) +(b+dp [Abp +dp [Abp +dp [Abg ) [
+(c+dp [Acy +dp [cp +dp [Acg) 12 (42)
The linear functiorf;(t) and the quadratic functidg(t) represent the possible dynamics of the
three fungal incidences (arcsine square root-toaursfd) or the progress of total aflatoxin (B
+ B,) concentration (log-transformed) over timgmeasured in weeks). In the regression
analyses, the data of the three replications wseel dior the fungal incidences, while for the
aflatoxin concentration the mean value of thredicefes was used because of the high
variability among recorded aflatoxin levels. Therany variabled;, with i representing the
inoculation of the different fungi (AA. flavus, P:Penicillium spp., FIFusarium spp.) were set
to 1 if the corresponding inoculation was carriegst @and to O without corresponding
inoculation. The parametaris the intercept of the contrdi,its slope ana its vertical stretch

factor for equation (4.2). The parametfes , Ab and Ac, reflect the effects of fungal

inoculationi on the intercept, the slope and the stretch fa@oeq. (4.2)). In the analyses,
first the full model (equation (4.1) or (4.2)) whtded simultaneously to the data of the five
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treatments, and then parameters with values naotfisigntly different from 0 were stepwise
eliminated till all parameter values were signifitg different from zero. The regression
analyses were carried out with SigmaPlot 10.

44  Results

441 Moisturecontent

Changes in moisture content of grains were smalinduthe experiments, yet
statistically significant® < 0.0001 for both), decreasing from 17 % to 16n%he preharvest
and from 15 % to 14% in the postharvest experir(ieigt 1).

20
Preharvest Postharvest

19 1

—&—— Treatment A

A Treatment AF

18 1 i ——v—-- Treatment AP

— — —  Treatment APF

4 Orees Treatment Control

[EEN
(o]
I

I

Moisture content (%)
H
\l

[EEN
(63
I

I

=
SN

o
N
SN
(o))
o
o
N
SN
(o))
(0]

Time (weeks) Time (weeks)

Fig. 4.1: Moisture content (%) of maize grains during 7 kseef storage in the five
treatments of the preharvest and postharvest empeti Treatments: A — inoculation
of A. flavus, AF — inoculation ofA. flavus andFusarium spp., AP - inoculation oA.
flavus andPenicillium spp.; APF — inoculation d&. flavus, Fusarium andPenicillium
spp., control — no inoculation.
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442 A.flavusincidence

Overall, field inoculation of maize did not causayadifference inA. flavus
contamination among treatmen® £ 0.27) but there was a significant differencdungal
levels between weeks? (= 0.0017). The dynamics k. flavus incidence after different
inoculations led to equation 4.3:

f,(t) = 3396+ 3360d + 094( withR?=0.12 (4.3)

In all five treatments, including the control, tAeflavus incidence increased slowly, but with
the same slope (0.94 %/week). Only the inoculatidh Fusarium spp. (in treatments AF and
APF) increased the intercept from 33.96 to 37.32whiile the other inoculations had no

effects on the initial level oA. flavusincidence (Fig. 4.2).
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Fig. 4.2: Observed data and fitted regression lines of ghegress ofAspergillus flavus
incidence (%) on maize kernels during seven weéksooage in the five treatments of

thepreharvest experiment. Treatments: see Fig. 4.1.

After postharvest inoculation, there were différesponses between treatmeris<(
0.0001), between weekB € 0.0001) and for the timxéreatment interactiorP(= 0.001). The
resulting dynamic equation was:

f(t) =1228+ (129+ 558[0 o + 1.72[0p) withR*=0.85 (4.4)
In this experiment, the different inoculations didt affect the initial level ofA. flavus

incidence.
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Fig. 4.3: Observed data and fitted regression lines of gregress ofAspergillus flavus
incidence (%) on maize kernels during seven weéksooage in the five treatments of

thepostharvest experiment. Treatments: see Fig. 4.1.

In all treatments, including the control, the fuhgzidence increased linearly with time.
When compared with the control, the slope was higtieer the inoculation withA. flavus
(+5.58). If Penicillium was inoculated in addition tA. flavus (treatments AP and APF), the
slope increased further by +1.72, while the add#lanoculation ofFusarium spp. had no

effect on the slope (Fig. 4.3).



Chapter 4. Effect of co-inoculation 72

4.4.3 Fusarium spp. incidence

In the preharvest experimentusarium spp. contamination differed between
treatments B = 0.0012). In the two treatments in whiélusarium was inoculated, the
incidence was higher compared to the control amd\tiiavus + Penicillium treatment, while

the treatment with onlj. flavus inoculation had an intermedig&@sarium spp. level.
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Fig. 4.4: Observed data and fitted regression lines optlogress ofusarium spp. incidence
(%) on maize kernels during seven weeks of storagble five treatments of the

preharvest experiment. Treatments: see Fig. 4.1.
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The time trends were significar® € 0.0001), showing an initial decrease followedabter
increase. Because of the parabolic time trenBusérium spp. incidence (Fig. 4.4), equation

4.2 was fitted to the data resulting in equatiob)4

fo(t) =5228+12 87 — 8860 + 11102 with = 0.57 (4.5)
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Fig. 4.5. Observed data and fitted regression lines optlgress ofusarium spp. incidence
(%) on maize kernels during seven weeks of storagene five treatments of the

postharvest experiment. Treatments: see Fig. 4.1.
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The time course oFusarium spp. incidence during storage was identical intrahtments
(Fig. 4.4). Only the inoculation dfusarium spp. caused a general shift of #gsarium spp.
incidence curve by 12.87 %. In the postharvest ex@nt, the overall levels dfusarium
spp. were lower than in the field experiment. Ev&m a low variance enabled the
differentiation of small differences between treamts. The general time trend € 0.0001)
was a decrease during incubation. Both treatm®nt=(0.02) and their timdreatment
interaction P = 0.0002) were significant. In contrast to thehamr@est experiment, the time
trend of the incidence was again a linear decrékgg 4.5) resulting in the following
equation 4.6:

f1(t) = 3340- 288[dp + 56008 +(-311- 089d ) [ with R?=0.81 (4.6)
A. flavus inoculations had no effect on the dynanficsarium spp. incidence compared to the
control. As expectedsusarium spp. inoculation resulted in a higher intercept, durprisingly

in a steeper slope, whilBenicillium spp. inoculation led to the lowest intercept, bot n

change in the slope.
4.4.4  Penicillium spp. incidence

Field inoculation led only to slight differencestiveen treatmentd?(= 0.005) in
Penicillium contamination. The AP treatment (one of the tweatinents including
Penicillium) showed higher levels than the AF treatméht=(0.003) while other treatments
were intermediate. The time trend was signific&h& (0.0001). The dynamics &enicillium
spp. was described by equation (4.7):
f1(t) =1611+ 5450dp — 66708 + 059[1 withR*=0.32 (4.7)

As expected, the inoculation Benicillium spp. increased the initial incidenceR#nicillium
spp. by 5.45 while the inoculation Btisarium spp. decreased it by 6.67. There was no effect
of the different inoculations on the slope whickuléed in a slow increase of the incidence
over time P = 0.049) (Fig. 4.6).

Postharvest inoculation led to complex dynamics Wes similar for all treatment® (
< 0.0001 for time). The fitting of function (4.1¢sulted in a linear decrease of the incidence

that was not affected by the inoculations:

f1(t) = 3186- 095 with R* = 003 (4.8)
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Fig. 4.6. Observed data and fitted regression lines of ghegress ofPenicillium spp.
incidence (%) on maize kernels during seven weéktooage in the five treatments of

thepreharvest experiment. Treatments: see Fig. 4.1.

However, as the slope was not significantly differefom O (P = 0.0835), it can be
concluded that there was no temporal linear tredritledPenicillium spp. incidence during
storage. Nevertheless it seemed that the inciddecesased initially, followed by an increase
and a second reduction in th® Week (Fig. 4.7). However, if the data of week & kft out,
because they are much lower than the data of weéke@enicillium incidences could be

analysed with function (4.2):
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fo(t) = (6440—-25210dg ) +(—-2431+14310dg ) @ + (332—- 1.710dE) 2
with R=0.41 (4.9)
According to equation 4.9, only the inoculationFafsarium spp. had a significant influence
on the dynamics dPenicillium spp., while the inoculation &. flavus or Penicillium spp. did
not influence the dynamics. The inoculation Fafsarium spp. reduced the intercept and
stretch factor so that the incidence was lowehatkteginning and at the end of the storage
period compared to the control.
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Fig. 4.7. Observed data and fitted regression lines of ghegress ofPenicillium spp.
incidence (%) on maize kernels during seven weéktooage in the five treatments of

thepostharvest experiment. Treatments: see Fig. 4.1.

445 Aflatoxin concentration.

In all samples, the concentration of aflatoxivEas much higher than that of Bhat
was present only in traces. In the statistical yaes, the sum of both concentrations was used.
In the preharvest experiment, the high variatiobwben samples did not allow to detect

differences between treatments, althoughAhiéavus-alone treatment (A) seemed to have the
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highest aflatoxin production. The dynamic analysssng dummy variables on the average
concentration of aflatoxins resulted in equatiatD4.
f,(t) =1.397+0.0930 5 [ withR?=0.19 (4.10)
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Fig. 4.8: Observed data (mean of three replicates) aralfrieggression lines of the progress of
the log-transformed aflatoxin concentration (ppl) noaize kernels during seven
weeks of storage in the five treatments ofitheharvest experiment. Treatments: see
Fig. 4.1.

Accordingly, the aflatoxin concentration remain@mstant in the control, but increased in the
other treatments which were inoculated with flavus. Additional inoculations with

Penicillium or Fusarium spp. had no effect (Fig. 4.8).
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In the postharvest experiment, the aflatoxin cotre¢ions in all treatments were very
low and showed a slight increase over time, buhwigh variability. Overall, there was no
effect of the treatments on the progress of thet@fin concentration:
f1(t) = 057+ 0060 withR?=0.13 (4.11)
The initial concentration was significantly diffetefrom zero P < 0.0001) and also the slope
(P =0.03) (Fig 4.9).
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Fig. 4.9: Observed data (mean of three replicates) aratifriegression lines of the progress of
the log-transformed aflatoxin concentration (pplf) noaize kernels during seven
weeks of storage in the five treatments ofgbstharvest experiment. Treatments: see
Fig. 4.1.
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45. Discussion

451 General dynamics of the incidences

The dynamics of the incidences during the seveekw/@f storage differed between
the three fungal species and varied also with dpethe time of inoculation (preharvest or
postharvest). FoA. flavus, the incidences increased linearly in both expenits, but stronger
after postharvest inoculation. The temporal trehthe Fusarium incidences was parabolic in
the preharvest experiment with lowest values aronadk three, but linearly decreasing in
the postharvest one. F@enicillium spp. incidence, the inoculation before harvesttted
slight increase during storage while the postharirexulation showed no significant linear
change over time. The inoculation time caused ofifferences with respect to the initial
level of the fungal incidences: Fé: flavus and Fusarium spp., the initial incidences were
lower in the postharvest experiment compared toptieharvest one, while fdPenicillium

spp., is was the other way round.

45.2 Incidenceof A. flavus

In all treatments of both experiment, flavus incidence increased linearly over
time, in the preharvest experiment at the samefoatall treatments and in the postharvest
experiment at various rates. In the preharvest r@xpat, Fusarium spp. co-inoculation
increased the initial incidence Af flavus during storage. Thus there was a positive effect of
the presence of this species on the contaminatioh @avus in the growing maize kernel
while the effect oPenicillium spp. was neutral. A study involving co-inoculataf A. flavus
and Fusarium on maize in the field (Zorzete et al., 2008) shdvedso thatA. flavus and
Fusarium spp. have an increasing frequency with time witslight advantage t&usarium
because of its endophytic properties (Saunder atthK2008). In the same study, Zorzete et
al. (2008) found that there was no competition leetnA. flavus and Penicillium spp., but
they did not artificially inoculatéPenicillium spp. in their experiments. The mechanisms

involved in the relationship betwedn flavus andFusarium spp. are not clearly understood.
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One explanation could be thatisarium spp. are able to detoxify some secondary substances
produced by maize plants for their defence agdunsgi and by this way they allow an easier
establishment oA. flavus (Saunder and Kohn, 2008). Another explanationddd thatA.
flavus, being rather saprophytic than parasitic, takesathge of some “pre-processing” of
the nutrients byrusarium spp. more aggressive on living plant. It is welbiwn thatA. flavus
needs weak host organisms to establish itself. @digd explain the initial high levels ét.
flavus incidence in the preharvest experiment. Duringaste, the environmental conditions
were more favourable fok. flavus than forPenicillium spp. andFusarium spp., regarding
their needs in terms of moisture content and teatpss, allowing a continuous and similar
increase of its incidence for all treatmentf this case it seems that whatever the field
conditions wereA. flavus development is not influenced by the presendéusérium spp. or
Penicillium spp. once in the storage structure if its optic@iditions for development are
met.

In the postharvest experiment, the initial rateaftamination by. flavus was low
in all treatments. This result was expected indbetrol becausé. flavus contamination of
grains should be very low without artificial inoatibn in the laboratory. On the other hand,
the corresponding rates of contamination increaseg quickly afterA. flavus inoculation
and even stronger in the treatments wRemnicillium spp. were co-inoculated. Once agAin
flavus took advantage on the other species to grow lsitithe on already harvested grains,
where this species usually finds ideal developneenditions. The three species are fighting
to survive and to occupy the grains Iutsarium spp. andPenicillium spp. are confronted
with less favourable conditions regarding tempemtand water activity thaA. flavus. As
exposed by Cooke and Whipps (1993), the competiaetion ofA. flavus allowed it to
grow faster, decreasing the chance for other funggrow. Penicillium spp. impacted
favourably the development 8 flavus during storagePenicillium spp. andA. flavus are not
cited as antagonistic fungi during storage and @swould be thatA. flavus recognized
Penicillium spp. as another storage specialized fungi (Kanspetual. 1992) and then set up a
race for niche occupation and succeeded since timmsliare optimal for this specie (Cook
and Whipps, 1993). This observation differed frdra tonclusion of Marin et al. (1998a) but
their experiments were set up at lower temperatavels (15° and 25° C) and these

temperatures were below the optimum temperaturd.filavus specified as about 31° C by
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Sautour et al. (2002). Also in the here presentpe@rement, the water content was favourable
for A. flavus that is more xerophilic than other fungi espeygidiusarium spp. (Pitt and
Hocking, 1977). In their study on the competitivem®f Aspergillus and Penicillium in the
presence oFusarium moniliforme andFusarium proliferatum, Marin et al. (1998a) observed
that in most of the cases whdfeasarium spp. outcompeted. flavus this was under high
water content condition (&= 0.98) and relatively low temperature (15° C)eThcidence of
A. flaws in the treatment “control” was observed to be véaw, but still significant,
indicating the presence @&t flavus contamination in the kernels before inoculatioratsh
and Payne, 1984). In the postharvest experimeset,diimination ofA. flavus could be
imputed to environmental conditions and to the gmese ofPenicillium spp.

The high initial levels ofA. flavus contamination in the preharvest experiment
highlight the importance of field contamination. eThates of increase in both experiments
were high, but more pronounced in the postharvgstrgment. This shows that maize kernels
that are not well handled during harvest could ltegu grains with high A. flavus
contamination as highlighted by Kaaya et al. (20@&en though the infection level in the
field was low. This scenario could take place esgcf the storage conditions are close to
the optimal requirements fak. flavus growth, and then a positive impact of other sterag

moulds could aggravate the spoiling of stored maize

45.3 Incidence of Fusarium spp.

While the incidence oA. flavus increased in both experiments, the incidence of
Fusarium spp. differed markedly between the pre- and pog#sarexperiment. In the
postharvest experiment, the incidence decreaseghrlin in all treatments while in the
preharvest experiment an initial decrease wasvi@tbby a final increase with a minimum
disease level after four weeks. In both experimdatsarium spp. was prevalent whether
there was an artificial inoculation or not. Indeed known that thd-usarium spp. is endemic
on maize (Munkvold and Carlton, 1997). It is alwagygsent on maize grown in the field
(Zorzete et al., 2008) and could be an active mgthmn living plants, colonizing the grains
with contamination, or just be present inside theza plant as an endophyte (Saunders and
Kohn, 2008; Marasas et al., 1979; Cawood et aB11&nd Fisher et al., 1992). It is even
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thought that maize and marfyusarium species have co-evolved (Glenn et al., 2001).
Therefore non-sterilized maize is certainly theriearof some forms of propagules of
Fusarium spp. among other possible fungal propagules. i pheharvest experiment,
Fusarium spp. was well established within maize kernel®oieethe storage period (Bacon et
al., 2001; Kamphuis et al., 1992). However, in gustharvest experiment, the higher the
initial Fusarium spp. incidence was, the more rapidly their levetrdased during storage.
Despite the presence @& flavus and Penicillium spp., Fusarium spp. had higher initial
incidence, when inoculated for instance in thetinemts AF and APF, but the trend of
evolution during the storage did not change forfiblel inoculated maize, while in laboratory
inoculated maize the presenceFafsarium increased the rate of reductionFafsarium spp.
The causes could be that the environmental comditio terms of temperature and water
content during storage were far from ideal Fosarium spp. growth (Marin et al., 1998b). It
is clear that the highest decreaseFokarium incidence was due to the presence of the
inoculated strain. The naturally infested straiasrdased more slowly which is shown by the
fact that the decrease was less steep wWhearium spp. was not inoculated. This shows
again the importance of field infection Blisarium spp. on maize. Initial levels &fusarium
spp. infestation were quite high in the posthareagteriment prior to inoculation which did
not allow effectiveFusarium spp. infections from inoculated strains on theza&ernels and
their spores died slowly during storage. Widstrdanale(1994) demonstrated that a previous
infection of others strains on maize grains weadlehe survival of spores from an artificial
consecutive inoculation. Therefore the rate of geaton of Fusarium propagule decreased

over time while those ok. flavus increased.

45.4 Incidence of Penicillium spp.

The incidence oPenicillium spp. increased slowly in all treatments of the areést
experiment, but the rate of increase was not sagmfly different between treatments. There
was no effect of thé. flavus inoculation orPenicillium incidence. As expected, the incidence
level in the treatment in whicRenicillium spp. was inoculated was higher than in those
without inoculation. However, the co-inoculationthvFusarium spp. reduced the incidence

of Penicillium propagules at the beginning of the storage peFasarium spp. seemed to be
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an antagonist oPenicillium spp. under field conditions. The antagonism betwegsarium

spp. andPenicillium spp. was shown by Marin et al. (1998a) but inovitdowever in this
study, in both treatments and those involving & sSolbculation ofA. flavus or a co-
inoculation ofA. flavus and Fusarium spp., the rate of increase Rénicillium spp. incidence
was similar showing no effect of the biotic envineent during storage dpenicillium spp.

In the post-harvest experiment, the incidence skdoavligh variation over time but
without a significant linear temporal trend. Howevg seemed that th@enicillium spp.
incidence decreased initially, followed by an irase and a second reduction in tHeweek
of the storage period. Neglecting the data of weeken, the progress &enicillium spp.
during the first six weeks could be described lyadratic function. It is possible during that
seventh week thd&enicillium spp. was outgrown b#. flavus that decreased its germination.
For the six first weeks, the incidenceAfflavus was low enough to allowenicillium spp.
germination but apparently in the seventh weekrastiold was exceeded aRénicillium
spp. did not grown optimally. The dynamic analysishe six first weeks allowed then to see
that only the presence Bfisarium spp. decreased the initial incidencdehicillium spp. and
even its rate at the beginning and at the endaragé. This may be due to an antagonism

between both fungi as already invoked earlier.

455 A flavus, Fusarium spp. and Penicillium spp. conclusion

Nevertheless, the conclusions drawn fréfasarium spp. andPenicillium spp.
dynamics during this experiment should be takein w@ution since the main objective of the
study was to observe the behaviour Afflavus. A more accurate study of these very
important maize colonists would need another expantal set-up.

The presence dfusarium spp. had a positive effect @ flavus incidence, while the
effect of Penicillium spp. was rather neutral. In storage conditionsh wtvourable
environmental conditions fok. flavus, the increase oA. flavus incidence was not influenced
by any of the fungi species in co-habitation sitwat In case of fungi inoculation after
harvest, the presence &enicillium spp. boostedA. flavus development. These two
observations showed that the presence of other freguently encountered with. flavus in

the storage systems could allow an increask @fvus incidence with an effect dfusarium
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spp. restricted to the field and Benicillium spp. to the storage. The field inoculation of
Penicillium spp. had a positive effect on its own incidenceth& harvest mostly when
Fusarium spp. was not inoculated. But during storage the@@aminated maize was not
influenced by the biotic conditions. In case Bénicillium spp. inoculation of already
harvested maize, the presencd~asarium spp. had a clearly negative effect Benicillium
spp. Whether the contamination took place in tleddfiduring maize maturation or after
harvest, there was a high risk & flavus contamination of the maize but if field
contamination was low, good harvesting and stotagleniques can lower the risk Afflavus
colonization on stored maize and consequently,itotial A. flavus infestation would lead to
a lower risk of aflatoxin contamination. From tkisidy, it appeared that if maize colonization
by toxigenicA. flavus strains happened in the field during maize graiasuration there was a
very high probability to end up with high aflatoxtontamination, however, this can be very
variable due to biotic factors.

456 Aflatoxin concentration

The aflatoxin concentrations in corresponding treatts were higher in the preharvest
than in the postharvest experiment. In both expamis) the concentrations showed a high
variability over time so that nearly no significaeffects could be determined. The
concentration of maize kernels inoculated in thedfiincreased in all treatments with the
same rate. Only in the control, the level remainadhanged over time. In the post-harvest
experiment, though the general concentration daftafin was relatively low, a significant
slight increase was observed during storage witdoramon rate for all treatments. In the
preharvest experiment, the rate of increase otcdila was not significantly different from
zero. The intercept that was common in treatments . flavus inoculation and in the
treatment control showed that the registered imadeof A. flavus was not only due to the
inoculation but also natura. flavus infections must have occurred in the field. Théyon
explanation is that the not inoculatédflavus strains that are able to produce aflatoxin on
maize in the field have not the same capability &latoxin production under storage
condition of this experiment since the availabilitfiycarbon source may differ (Luchese and
Harrigan, 1993).
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It is obvious that the aflatoxin recorded on pregkat maize developed mainly in the
field during maize maturation. In the postharvegieziment, the concentration of aflatoxin
was lower but increased with time irrespectivelytie# treatments. The increase of aflatoxin
is probably due to the few isolates that had if@dhe maize in the field, because it was
reported previously that aflatoxin production wagngicantly reduced in case the substrate
was already infested with other fungi befécdlavus was introduced (Shotwell et al., 1975).



Chapter 5. Effect of the temperature and watewisgti 87

Chapter 5.  Effect of the temperature and water activity on the growth of some

isolates of A. flavus and on their aflatoxin production

51 Abstract

To characterize the effects of temperature and rwattivity on differentA. flavus
isolates, six isolates from Benin were investigai@dthe colony growth and four for
aflatoxin production. The Gompertz function desedbvery well the colony growth of
most of the isolates. The monomolecular model wasdgfor aflatoxin production
simulation. Generally, the water activity had aostrer effect than temperature on the
growth in the ranges studied in this paper. Foatafin production, the interaction
between temperature and water activity was mostortapt. In all cases with high
aflatoxin production, a degradation of the toxifidawed. A water activity level of 0.90
was the least efficient while 0.96 was the mosgtieiit one. At the latter level of water
activity, the effect of the temperature was weakpé@&nding on the isolate, the optimal
temperatures varied between 31, 33 and 35°C whéeoptimum water activity for all
isolates remained 0.96. Concerning the aflatoxodpction, the optimum water activity
varied between 0.96 and 0.99 but the optimum teatpess were the two lowest of this
study (26 and 28°C). The L-strain isolates alsalpoed aflatoxin G but at a lower level
of water activity (0.90 and 0.93) than the S-sgasvolates (0.96 and 0.99). The highest
rates of growth were recorded for isolates Z34A178 and Z1TS all being L-strain
isolates. The differences between optimum and miningrowth rates were high for the
L-strain isolates. The best aflatoxin B produceswsblate Z213D that was also the best
producer of aflatoxin G. Isolate Z1TS followed hbwtly for aflatoxin B production.
Z213D is an S-strain isolates and a good produtcaflatoxin, but had a very low growth
rate. The lowest aflatoxin production rate was réed for isolate Z34A that is an L-

strain isolate characterized by a very high ratgrofvth.

5.2 I ntroduction

Studies ofAspergillus flavusand its capacity to produce aflatoxin in the piidut
colonizes have led to different ways to clasgifyflavusisolates. Possible means to group
A. flavusisolates are: firstly by the isolates capabildyptroduce aflatoxins (Klich, 2007;

Cardwell and Cotty, 2002); secondly by the kindsiftdtoxins they produce (Hesseltine et
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al., 1970; Cotty and Cardwell, 1999); and thirdly the quantity of conidia or sclerotia
they can develop at a certain moment of their gno{@otty, 1989). Other more complex
methods of classification are linked to the abitifysome isolates to cross in non-sexual
way making up different kinds of vegetative combitity groups (VCG) (Horn, 2005).
Even though the capability to produce aflatoxinieérmore between individuals of
different VCG than between individuals of the savi@&G (Bayman and Cotty, 1991), it is
not easy to reach a systematic characterizatioa @gion’sA. flavuspopulation using
VCG criteria because VCGs are so variable and soenous that one field can contain
dozens of them. Therefore the population charaz®on based on morphological and
physiological characteristics seems more apprapriat

The capability to produce aflatoxin is a key arga for physiological
classification. It is known that an important perage ofA. flavusin a population is
unable to produce aflatoxin and these atoxigehicflavus isolates belong almost
exclusively to the morphological group “L-strainC4rdwell and Cotty, 2002). The L-
strain group contains also isolates able to prodiietoxin, specifically aflatoxin Band
B,. Isolates of this group are characterized by amdant production of conidia and few
large sclerotia or no sclerotia at all, at leastnomst artificial media (Cotty, 1989). The
other group “S-strain” includes isolates that ds® able to produce aflatoxing Bnd B
and sometimes Gand G, the latter two depending on the geographic (ocemial)
situation (Cotty and Cardwell, 1999). Thereforep tsubgroups of the S-strain exist: The
first subgroup S-strain g% contains isolates able to produce only aflat®irand B and
the second subgroup S-straipdpcomprises isolates able to produce aflatoxins@ @.
The high toxicity associated with the fact thattf@is isolates always produce small and
numerous sclerotia have led to their descriptioaragvolution ofA. flavusfor resistance
and persistence in difficult environment. Thiseiforced by the fact that isolates of the
S-strain §g occur in Benin more frequently in the most aricheg® of the country in the
north (Cardwell and Cotty, 2002). The consideratioh these physiological and
morphological characteristics @&f. flavuspopulations leads to questions about possible
consequences on the risk of contamination of aemidde crop. But before any
conclusions can be drawn, it is needed to knowthd different physiological and
morphological groups of Benin’é. flavus population react similarly or differently to
environmental conditions.

The environmental variables that directly affe&t flavus colonization and

aflatoxin production in maize are the water contantl temperature (Ayerst, 1969).
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Knowing that the ability to produce aflatoxin magry within anA. Flavuspopulation, it
would be very interesting to check the possibleat@n of these characteristics in relation
to temperature and water activity and to deternmiineome major variability could be
extrapolated from this study.

One of the first studies on the effects of envinental factors by Agnihotri (1964)
identified temperature as the main factoAspergilligrowth. Later Schindler et al. (1967)
studied the effect of temperature on the productidnaflatoxins byA. flavus and
confirmed that the optimum temperature Aorflavusgrowth was higher than for aflatoxin
production. Other researchers checked other enwieatal factors such as the relative
humidity (Diener et al., 1967), the atmospheric (jaanders et al., 1967) and the carbon
dioxide (Sanders et al., 1968). However, all theady studies were confined to the
growth of A. flavus and aflatoxin production in peanut. Trenk and Hamm(1970)
investigated the production of aflatoxin in maibet they did not inoculaté. flavusand
described just the natural occurrence/offlavusand the aflatoxin production under
different environmental conditions. Neverthelessirtmesults allowed to confirm tha.
flavusand to a lesser extedd parasiticusvere responsible for the aflatoxin production in
maize, but not to characterize the effects of emwirental factors especially of the
temperature and water content on aflatoxin prodactiLater these aspects were taken into
account by Gqgaleni et al. (1997). Finally, it isinwenown thatA. flavusgrowth and its
ability to produce aflatoxin in different commoe#i are in the first place dependent on
temperature, water activity and their interactionBis brief review shows tha. flavus
and its ability to produce aflatoxin were well sedl in relation to the environmental
factors and even in relation to the geographiceation (Orum et al., 1999; Cotty et al.,
1999). However, even though it is known tiatflavusstrains vary in their reaction to
environmental factors, comparative studies on #ection of different strains to main
environmental factors are scarce.

The objective of this study is to determine ibagenic L-strain isolates, toxigenic
L-strain isolates and S-strain isolates, all issddrom Benin, behave differently in growth
and aflatoxin production on artificial media undee influence of various water activity

and temperature levels.



Chapter 5. Effect of the temperature and watewisgti 90

53 Material and Methods

From a screening test @&. flavusisolates collected from 100 fields in the four
agroecological zones of Benin, one non-toxigenistriain isolate, two S-strain isolates
and three toxigenic L-strain isolates were selettedxperimentally check growth and
aflatoxin production. These selected isolates aedquantity of aflatoxin they are able to
produce are represented in Table 5.1. In the grewgeriment all 6 isolates were used, in
the test on aflatoxin production only 4 isolatesthe latter case, the isolates Z46A and
Z117B were left out because they produced no afilatat all or only an extremely low

amount.

Table5.1: Characteristics of the six select#dflavusisolates

Zone | Name Toxigenic Morphological  Aflatoxin Aflatoxin Aflatoxin Aflatoxin
statuts group B1 (ppb) B2 (ppb) Gy (ppb) G, (ppb)
CS Z1TS T L 1939.948.5 188.8+3.2 0.0+£0.0 0.0+£0.0
CS Z117B T L 1.5+0.1 0.0+0.0 0.0+0.0 0.0+0.0
SGS | Z213D T S 2983.4+12.8 307.5+19.9 535.5+3.4 #B®
NGS | Z34A T L 94.3+0.8 5.9+0.3 0.0+£0.0 0.0+0.0
SS Z44A T S 1174.145.6 141.9+0.3 151.6%#1.0 18.6+0.0
SS Z46A NT L 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0

T=Toxigenic, NT=Non-toxigenic, L=L-strain, S=S-ain

5.3.1 Water activity and temperaturelevelsin the experiments

The water activity in the artificial media was catied using the gravimetric
method (Esteban et al., 1989; Fernandez-Salgueab, di989; Esteban et al., 1990). They
have used different salt solutions to get a cdiimnacurve to determine the corresponding
water activity by calculating the water weight afimal by a Whatman paper within 24
hours. In this study that method was applied to ftavtficial growth media, each
containing different amounts of glycerol. In theperments, four different amounts of
glycerol were chosen corresponding to water agtivélues of 0.90, 0.93, 0.96 and 0.99.
Five levels of temperature were used: 26°C, 281CC333°C and 35°C.



Chapter 5. Effect of the temperature and watewisgti 91

5.3.2 Artificial media

Two artificial media were used in this experimetite first one was the 5/2
medium (5% of V8 juice and 2% of agar) (Cotty, 1p&®plied to investigate colony
growth. That medium was chosen because it is eagyet and is perfect foA. flavus
strains recognition. The second medium used wagdye and Mateles (A&M) medium

amended with 2% of agar (Cotty, 1988) on whichafiatoxin production was measured.

5.3.3 Inoculum preparation

The isolates were incubated in an incubator at 3@fCPetri dishes (9 cm
diameter) containing about 25 ml of the 5/2 medidfter six days, the conidia of each
isolate were suspended in distilled and sterileewadthese suspensions were diluted to get
suspensions of about 2&pores per milliliter and stored for further intation of culture

media.

5.3.4 Growth mediainoculation and measurements

For the growth experiment, the medium in the ceaterach Petri dish was punch
with a 0.5-cm diameter perforator. Ten microlitefsA. flavussuspension were poured in
the small hole. For each experimental unit, thrie¢ep were enveloped in closed plastic
bags before incubation. After 48 hours of inculbratisvo measures of the colony diameter
of each plate were taken perpendicularly. Thesesmrements continued for 8 days or
until the Petri dish was fully occupied. The twoaserements of the colony diameter were

averaged and then 0.5 cm for the initial hole wddrscted.

5.3.5 Aflatoxin production and aflatoxin quantification

About 6 ml of the A&M medium were poured into tégbes with caps and 10
microliters of the fungal suspension were addedacoh treatment. To avoid any loss of
water, the test tubes were enveloped in plastis lbefore incubation. After 48 hours of
incubation, the first series of test tubes wascsetefor aflatoxin extraction. Aflatoxin was
determined on six consecutive day, so that for ésmhte up to 120 test tubes were tested

for the combination of the five temperatures anar foater activity levels and six days.



Chapter 5. Effect of the temperature and watewisgti 92

The extraction followed the procedure describedCloyty (1988). In each tube, 6 ml of
acetone were added and the agar crushed with s iglds. The acetone was poured in a
beaker and the remaining agar was extracted 3 tinis 10 milliliters of methylene
chloride. The methylene chloride and the acetoneewbken filtrated through 25g of
sulfate sodium anhydrous and the filtrate wasdedry at room temperature. The residue
was recuperated with a mixture of 50% methanol 20f%b distilled water in small flask

and brought to quantification by an HPLC device.
5.3.6 Dataanalysis

For the data analysis, the colony diameters of esclate were used without
transformation. The maximum diameter recorded was8eflecting the size of the Petri
dish used in the experiments. The temporal datae wescribed by Gompertz growth
functions that resulted in a better fit than thgidtic functions in some preliminary
analyses. The Gompertz function used (equation iBdyided dummy variables)j to
allow an accurate comparison of the 6 growth réagdy choosing the same initial value
(Do)

— (dyby +dpxby +dgxbg gy s + g bt
D(t) — 8 x eln(Do)Xe

(5.2)
D(t) represents the diameter as function of tinmeeasured in days after inoculatiddg
represents the common intercept for all isolatesvtr curves); are the relative growth
rates of the 6 isolates amd] are dummy variables that have the value 1 for the
corresponding isolate and O for all other isolates. instance for the isolate= 1, d;=1
and d,=d;=d4=ds=ds=0. The growth rates of the isolates in the différeombinations of
temperature and water activity were then compacedssess the difference between
isolates at different environmental conditions.

The aflatoxin concentratiores(in ppb) of test tubes were logarithmically wath=
In(c+1) transformed. In most cases the aflatoxin comagohs increased continuously
with time, but in a few examples with extreme caoiodis, also a degradation of aflatoxins
was observed after a maximum value had been readttmcbrtheless, monomolecular
growth functions were fitted to the transformed gess data. The modified
monomolecular model (equation 5.2) was fitted te tlansformed aflatoxin B (BB,)

and G (G+Gy) concentrations of each isolate.
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, C —(d. xb, +d., xb, +d . xb, +d,, xb, )x
C(t):llx(1—|:1_l_;)-:|xe(d1b1dzbz daxbs+d, b4)tj (52)

The maximum level of aflatoxin after transformatias 11. Like in equation 5.&;,

represents the common initial value for the aflatgroduction curves of the 4 isolates.
The dummy variabled; is again equal to 1 for the corresponding isolaa@d O for all

other isolates.
54 Results
5.4.1 Growth of A. flavusisolates

A typical example of the colony growth is givenFig. 5.1 for the isolate Z34A at
a temperature of 33°C. Fay, = 0.90, the growth beyond the initial hole starvedday 3,
while for ay = 0.96 a remarkable growth was observed alreaddaynl. At the latter
water activity level, the whole Petri-dish was c@cbafter 6 days, in contrast to the lowest
activity level in which after 6 days the diametestjreached 2 cm. In both cases, the fitted
function describes the colony growth very well wéltlear difference in the growth rate,
0.84 to 0.24 cm/day.

The Gompertz function (equation 5.1) describedctileny growth of the 6 isolates
in all 20 temperature-water activity combinatiomswwell with theR? varying from 0.84
to 0.99 and all regression probabiliti®s< 0.0001. Different initial value®, were
estimated for the 20 situations. The estimatedegsere always less than 0.031 cm.

For the water activity of 0.90, the time lags tiile growth started ranged from 3 to
5 days, while for the higher activity levels of 6.8nd 0.99, this time lag was only 1 day
(Table 5.2). The observed colony diameter afteayl (@able. 5.2) foay = 0.96 anchy =
0.99 clearly reflects the effect of temperaturecolony growth. For all isolates tested, the
diameter increased with temperature and reachedx@mm value at 35°C, with a few
exceptions.

Looking at the diameter reached after 1 day at 3@k&wvs to compare the growth
of the isolates. Faay = 0.93 to 0.99, the highest diameter was alwagshed by isolate
Z34A. Atay = 0.96 the observed diameter of isolates Z117BZ#&A were clearly lower
than those of the other 4 isolates, while dgr= 0.99, the differences among the isolates

were small.
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Forayw = 0.90, the growth rates of the 6 isolates atttinee low temperatures (26,
28 and 31°C) varied only slightly within a temperat level, while for the two high
temperatures (33 and 35°C) clear differences wésemwed (Table 5.3). At 33°C and
35°C, isolate Z46A had always the lowest rateshWwaspect to the highest rates within a
temperature level, no clear superiority of a spedsolate could be identified (Table 5.3).
A comparison of the rates across temperature levesubtful because differeb were
determined with equation 5.1 for each temperatarehat the growth rates are influenced
by the known correlation betwe&p and the growth rate. At the water activity of Q.9%

growth rates were generally higher thamagt 0.90 isolates.
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Table 5.2: The time lagd.AG (in days) till the colony grows beyond the inittadle and

the corresponding first measured colony diam&kM (in cm) of six isolates at five

temperatureT) and four water activityay) levels

T Z117B Z1TS Z213D Z34A Z44A Z46A
Ay C) LAG DIAM LAG DIAM LAG DIAM LAG DIAM LAG DIAM LAG DIAM
(days) (cm) (days) (cm) (days) (cm) (days) (cm) (days) (cm) (days) (cm)
090 26 4 053 4 060 4 040 4 047 4 062 4 0.43
28 4 025 4 0.10 4 0.07 4 012 5 047 5 0.47
31 3 062 3 025 3 0.20 3 040 3 055 3 0.57
33 3 082 3 032 4 050 3 0.67 3 048 4 0.17
35 3 060 3 057 3 050 3 058 3 060 3 0.10
093 26 2 095 2 053 2 067 2 065 2 072 2 0.78
28 2 0.78 2 080 2 0.75 2 0.78 2 1.08 2 0.83
31 1 042 1 040 1 030 1 038 1 048 1 0.58
33 1 053 1 033 1 007 1 070 1 058 2 0.62
35 1 080 1 052 1 062 1 083 1 078 2 0.70
096 26 1 020 1 012 1 033 1 017 1 030 1 0.47
28 1 050 1 038 1 072 1 048 1 055 1 0.72
31 1 132 1 125 1 117 1 128 1 118 1 1.33
33 1 148 1 148 1 140 1 167 1 147 1 0.72
35 1 116 1 153 1 168 1 180 1 157 1 0.80
099 26 1 040 1 033 1 047 1 030 1 048 1 0.53
28 1 050 1 050 1 053 1 048 1 063 1 0.50
31 1 090 1 097 1 085 1 090 1 088 1 0.90
33 1 102 1 100 1 102 1 102 1 087 1 0.92
35 1 120 1 122 1 118 1 125 1 118 1 1.12
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Fig. 5.1: Progress curves of the observed colony diamdus), measured in cm,

of the isolate Z34A and fitted Gompertz curvesiftihes) at 33°C for a
water activity of 0.90 (left) and 0.96 (right).
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Table5.3: Estimated growth rates (in cm/day) of the sixases resulting from regression analysis with eignab.1 for five temperature

and four water activitya) levels

Isolates ay = 0.90 ay =0.93 ay = 0.96 ay 0.99

26°C 28°C 31°C 33°C 35°¢C 26°C 28°C 31°C 33°C 35°®°@ 28°C 31°C 33°C 35°¢ 26°C 28°C 31°C 33°C 35°C
Z117B 023 027 017 023 02 052 045 040 050 0}56730 068 075 075 080 049 048 052 046 0.53
Z1TS 022 027 016 022 027 055 046 042 053 0j6a730 068 080 0.77 0.7 051 047 059 053 0.57
Z213D 024 025 015 0.17 024 056 048 043 051 0/59740 0.70 069 071 075 036 043 050 043 0.46
Z34A 022 026 016 024 02 055 048 046 056 O0j6e770 065 O0.77 084 081 049 044 048 049 0.53
ZA4A 0.22 027 0.17 023 0.2 048 049 047 052 0/61540 055 0.75 066 064 033 039 035 0.28 043
Z46A 023 026 016 013 014 056 047 043 039 0j46700 063 079 068 064 053 047 060 052 0.58
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For a, = 0.96, the highest growth rates were estimatealadsolates so that this
water activity level seems to be the optimal levdle growth rates were fairly close for
the isolates between temperature levels. The stowwekte was Z44A for most of the
temperature levels (26, 28, 33, and 35°C), onBAAC isolate Z213D was slower. Most of
the isolates reached the maximum colony size (8dameter) at this level of water
activity.

For a water activity of 0.99, the growth rates evemmilar to those o&y = 0.93.
Isolate Z44A had again the lowest growth rateslliiemperature levels. Isolate Z213D
was only slightly better. The rates of isolate Z4&Aich were low compared to the rates
of the other isolates at the lower water activiaydl reached now the highest values or

nearly the highest values.

5.4.2 Aflatoxin B production

A typical example of the aflatoxin B productionsisown in Fig. 5.2 for the isolate
Z213D at a temperature of 28°C fay, = 0.93 and 0.96. Already after one day, the
production of aflatoxin B started, a little bit atiger in the higher water activity level,
reaching an asymptotic phase after three daysoth bases, the fitted monomolecular
function describes the aflatoxin B production vergll with a slightly higher rate (0.73)
for aw = 0.96 than foay = 0.93 (0.62).

Generally, the monomolecular function (equation) 3&asonably described the
temporal dynamics of aflatoxin B production of thmur studied isolates in the 20
temperature-water activity combinations. In Tahk, $he common parameter values from
the regression analyses of the 20 combinationssammarized. In some cases, the
coefficients of determination are very low due e fact that aflatoxin production was
extremely low or did not exist for some isolatesiyWay, it should be clear that the
aflatoxin degradation, observed in a few cases)@abe reflected by the monomolecular
model.

The monomolecular rates of aflatoxin B productame represented in the Table
5.5. For the water activity of 0.90, the four teksisolates significantly produced aflatoxin
B at 26, 28 and 31°C. At 33°C, only isolate Z44/Aduced a significant quantity of
aflatoxin B and at 35°C only isolate Z1TS produdetectable levels of aflatoxin B. For
the temperature levels 26°C to 31°C, isolate Z213l0 the highest rate of aflatoxin B
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production compared to the other three isolatedats Z34A produced the lowest level of
aflatoxin B at 26 and 28°C but not at 31°C wheodaite Z1TS had the lowest rate.

The water activity of 0.93 led to higher aflatoBrproduction rates thaamy = 0.90
for all isolates and at all temperatures levelsepx@3°C. Isolate Z213D was again the
only isolate that produced detectable levels ditadlin B at all studied temperatures. At
26, 28 and 31 °C, isolate Z213D had the highestiytion rate, but at 35°C the lowest.
At 26, 28 and 31°C, the isolates Z1TS and Z44A stbsimilar capabilities while Z34A
produced less aflatoxin B than all other threeatad.

Table 5.4: Common statistical parameter values for aflatdiproduction of four isolates
resulting from regression analyses with equatidh &. five temperature and four water

activity (aw) levels

Temperature  Common ay=0.90 ay=0.93 ay =0.96 aw = 0.99
(°C) parameters
26 Ch -1.38 -1.51 -1.31 -0.48

R 0.85 0.86 0.85 0.80

P <0.0001 <0.0001 <0.0001 <0.0001
28 Ch -0.99 -1.16 -1.01 0.40

R 0.80 0.87 0.85 0.66

P <0.0001 <0.0001 <0.0001 <0.0001
31 Ch -0.42 0.21 0.35 0.77

R 0.93 0.88 0.69 0.70

P <0.0001 <0.0001 <0.0001 <0.0001
33 Ch 0.18 0.18 -0.33 0.71

R 0.13 0.13 0.60 0.46

P 0.0071 0.0071 <0.0001 <0.0001
35 Ch -0.01 -1.47 -1.35 0.93

R 0.13 0.57 0.78 0.43

P <0.0001 <0.0001 <0.0001 <0.0001
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Table5.5: Individual aflatoxin B production rates for foigolates resulting from regression analyses withaégn 5.2 at

five temperature and four water activigyj levels

Isolates | Gw = 0.90 Ay =0.93 Ay =0.96 Ay = 0.99

26°C  28°C 31°C 33°C  35°C| 26°C 28°C 31°C 33°C 35{C6°C2 28°C 31°C 33°C 35°C| 26°C 28°C 31°C 33°C 35°C
Z1TS | 012 010 0.06 NS 000| 036 029 0.13 NS 042 05137 009 009 027 035 029 003 NS 0.22
Z213D | 037 036 047 NS NS 062 062 050 002 042 058€73 033 021 031 049 034 010 007 017
Z34A | 008 008 012 NS NS 019 016 008 NS 019 034260 004 004 025| 026 023 NS NS 0.11
Z4A4A | 022 018 023 002 NS 032 029 017 NS 019 03332 012 006 032| 039 025 007 006 017
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From the point of view of the production of aflaites, the water activity of 0.96
was the most efficient water activity for all ista at all studied temperature levels. At all
temperatures, the aflatoxin B production ratesIbfsalates were significant. As in the
previous cases, isolate Z213D had the highest odteaflatoxin B production at
temperatures from 26 to 33°C. At 35°C, its rate faBowed the one of isolate Z44A with
both rates almost equal (0.31 and 0.32). From 285(, isolate Z34A produced the
lowest level of aflatoxin. The differences betwdba rates of aflatoxin B production of
different isolates were low at 26, 28 and 35°C.

At the water activity of 0.99, all five temperatarallowed aflatoxin B production
but not of all isolates. At this water activity, meof the isolates could reach the maximum
production of 11. Especially af = 35°C, aflatoxin was degraded after reaching a
maximum value of roughly 9 at day 2. At 31°C, iseld34A produced aflatoxin B only in
traces. The same was observed for isolates Z18<Z384A at 33°C. For the first four
levels of temperature, isolate Z213D had the higlpesduction rates while Z34A at
temperatures 26, 28, and 35°C had the lowest rate.
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Fig 5.2: Progress of the In-transformed aflatoxin B coniaion (ppb) of the isolate

Z213D (dots) and the fitted monomolecular curvesdiddines) at 28°C for a water
activity of 0.93 (left) and 0.96 (right)

5.4.3 Aflatoxin G production

A typical example of the aflatoxin G productiongeown in Fig. 5.3A for the
isolate Z213D at a temperature of 28°C &y = 0.96. The production of aflatoxin G
started after one day and reached the asymptogisephlready after three days. The fitted
monomolecular function describes the aflatoxin &dpiction well. In Fig. 5.3B, the
production of the same isolate at the same temperdiut a water activity of 0.99 is
presented. The production remained 0 at day 1ljumuped to 8 at day 2, followed by a
slight decrease in the next days. Therefore indage, a monomolecular function is not a
good representation of the real progress.

Except of the extreme cases, the monomoleculatibmequation 5.2) reasonably
described the temporal dynamics of aflatoxin G pobidn of the four studied isolates in
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the 20 temperature-water activity combinations.Tkble 5.6, the common parameter
values from the regression analyses for the 20 gmatibns are summarized. Like for
aflatoxin B (Table 5.4), the coefficients of det@mation are very low for some cases or
even not significantly different from 0. This is ag due to the fact that aflatoxin
production was extremely low or did not exist forree isolates.

For the water activity of 0.90, four of the fivartperature levels were efficient for
aflatoxin G production. No aflatoxin G was produad35°C, not even as trace (Table
5.7). The L-strain isolates (Z1TS and Z34A) unexpély produced, though low,
significant levels of aflatoxin G at 26, 28 and G1%At these temperature levels, isolate
Z213D had the highest rates of aflatoxin G produrctiOnly isolate Z44A had a
significant level of aflatoxin G at 33°C (Table .7

All temperature levels were efficient for aflatoX@production ad, = 0.93 but not
for all isolates. At 26 and 28°C, the same patteriora, = 0.90 was reproduced. Isolate
Z213D had again the highest rate of aflatoxin Gdpotion, isolates Z34A and Z1TS the
lowest. At the temperatures of 31 and 35°C, ondfaies Z213D and Z44A produced
aflatoxin G and at 33°C, only isolate Z213D (Tabl@).

For the water activity of 0.96, the isolates Z218m Z44A produced aflatoxin G
at all temperatures (except for Z44A at 33°C) whgréhe production rate of isolate
Z213D was higher. Isolates Z34A and Z1TS had agaig low production rates at 26 and
28 °C, but no production at all at higher temperduyexcept for Z34A at 35°C).

Table 5.6: Common statistical parameter values for aflat@Xiproduction of four isolates
resulting from regression analyses with equatidh &. five temperature and four water

activity (aw) levels
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Temperature Isolates common a, = 0.90 a, =0.93 a, = 0.96 a, 0.99
(°C) parameters
26 Ch -1.15 -0.77 -0.67 0.11

R 0.85 0.90 0.88 0.90

P <0.0001 <0.0001 <0.0001 <0.0001
28 Ch -0.74 -0.56 -0.35 0.23

R 0.80 0.91 0.91 0.78

P <0.0001 <0.0001 <0.0001 <0.0001
31 Co -0.47 0.77 0.49 -0.03

R 0.92 0.82 0.52 0.69

P <0.0001 <0.0001 <0.0001 <0.0001
33 Ch 0.01 0.16 0.18 0.05

R 0.15 0.54 0.58 0.23

P 0.0036 <0.0001 <0.0001 0.0011
35 Co NS -0.00 -0.26 0.27

R NS 0.42 0.87 0.51

P NS <0.0001 <0.0001 <0.0001

For the highest water activity level (0.99), sigraht aflatoxin G production rates
were found only for the isolates Z213D and Z44AeTates of both isolates were vey
similar. Having in mind that the rate of the mondecalar function is correlated with the
initial value, one may, nevertheless, conclude fiah. 5.7 that the production rate at all

water activity levels decreases with increasingperature.
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Table5.7: Individual aflatoxin G production rates of fowolates resulting from regression analyses witlatop 5.2

at five temperature and four water activiy) levels

Isolates | Sw = 0.90 Ay =0.93 Ay =0.96 Ay =0.99
26°C 28°C 31°C 33°C 35°C 26°C 28°C 31°C 33°C 35i{C 6°2 28°C 31°C 33°C 35°C 26°C 28°C 31°C 33°C 35°C

Z1TS | 008 004 004 NS NS 004 002 NS NS NS 005 003S N NS NS NS NS NS NS NS
Z213D | 035 034 039 NS NS 053 052 027 011 006 05D59 014 012 022| 034 026 004 001 0.09
Z34A | 006 007 007 NS NS 007 007 NS NS NS 006 006 S N NS 002 | NS NS NS NS NS
Z4A4A | 020 016 016 001 NS 025 024 007 NS 012 02®24 005 NS 018| 028 020 0.03 002 0.09
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Fig 5.3: Progress of the In-transformed aflatoxin G comegion (ppb) of the isolate

Z213D (dots) and the fitted monomolecular curvedligslines) at 28°C for a water
activity of 0.96 (left) and 0.99 (right).
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55 Discussion

In this study, the water activity level had a sgeneffect on the colony growth &f
flavusisolates than temperature level. The time lag lwag for the water activity of 0.90
and decreased with the increasing level of watgvigc The temperature had a more subtle
effect on growth and affected mainly the rate afré@ase but its effect on the time lag or the
maximum diameter of the colonies was less sigmfic&autour et al. (2002) showed that the
influence of temperature was overlocked by wateivig at non-optimum conditions. In
their experiment at 31°C, the variation of the waigtivity from 0.97 to 0.99 increased the
flavus growth rate. All isolates had a very slow growthtlee water activity of 0.90, but
maximum diameter of colonies aj, = 0.96. According to Sampundo et al. (2007), data
regarding the optimum water activity are limitedit,odepending on the study conditions
such as media used, some other authors haveteéd.894 (Marin et al., 1998), 0.97, 0.974,
0.980 to 0.994 (Sautour et al.,, 2002; Gibson et1#194). The variation of the aflatoxin
production is more subtle. For many reasons, ttee ghaflatoxin production is affected by
water activity and temperature even if it is cléaat for all levels of water activity, the lower
temperatures (26 and 28°C) are more efficient fitetaxin production. This range of
optimum temperature for aflatoxin Broduction is included in the temperature intefuan
24 to 35°C stated by Gqaleni et al. (1997). Thairge was explained by the variation of
water activity, isolates and media of culture. Dpémum of aflatoxin production may differ
from one isolate of the same species to anothéatésdepending on the substrate (Northolt
et al., 1977). But it is also obvious that in teiady the highest rates of aflatoxin production
are underestimated because in the cases whereatbé® were very high, a systematic
degradation of the produced aflatoxin followed atied rate of degradation seemed
proportional to the rate of production. The aflatodegradation phenomenon is known since
a long time (Schindler et al., 1967; Ciegler et 4P66; Doyle et al., 1978), only the
destruction mechanism remained under investigdiewause its explanation varied with the
time.

Regarding the variations among the different watgivity levels, in the case of the
growth,a,, = 0.90 seemed the least efficient producing maxinitme lags, weakest rates of

growth and shortest maximum diameters of colonldge real minimuma,, for A. flavus
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growth is difficult to determine since it dependstbe solute used to control it and on other
parameters like pH and temperature. Rosso et @012 using a mixture of glucose and
fructose to controla,, have found that the minimum water activity farflavuswas between
0.797 and 0.773 for a pH of 6.5 and a range of eatpre from 25 to 37°C. The increase of
the temperature fay = 0.90 shortened the time lag and reduced thetgroate of some of
the isolates. Globally, the growth parameters welatively weak at thaay. In contrast to
the water activity of 0.90, the one of 0.96 was tinest efficient with the shortest time lags,
highest growth rates and the maximum possible demmeached very quickly. The effect of
temperature had less influence than in the casgyef 0.90. The highest temperatures (31,
33 and 35°C) allowed the best growth rates observés study. The optimum temperature
for A. flavus growth varied according to authors. Samapundol.e(2807) assumed a
temperature optimum between 28 and 30°C, earligraRd Hocking (1997) indicated 32 to
33°C, a range that was also different from the iprev indication of Schindler et al. (1967)
or Trenk and Hartman (1970) of 29 to 35°C. Howeitag not surprising to have so various
or so spread optimum temperature range®fdtavusgrowth since it depends on the media
used in the studies. There were more significamtations between the rates of aflatoxin
production of the isolates than between the gromaths. The most efficient water activity
levels were 0.96 for 3 isolates and 0.99 for odate. Also the most efficient temperatures
for all isolates were in the lower range (26 an@Q8The aflatoxin G production was rarer
than B production. For the isolate with the highastduction of aflatoxin G, the high water
activity levels (0.96, 0.99) were the most effidirhile for the low producers of aflatoxin G
the low level of water activity (0.90, 0.93) wereetmost efficient. The optimal temperature
for aflatoxin G production was between 26 and 283chindler et al. (1967) who
investigated growth and aflatoxin B and G produtfiound that the two isolates Af flavus
they used produced both kinds of aflatoxin (B and I contrast, a similar study including
the water content on harvested maize, scarcelydf@iflatoxin G (Trenk et al., 1970). But
none of these two authors referred to the sclabtitassification of the isolates they
observed.

The isolates Z34A, Z117B and Z1TS were those whth ighest growth rates at all
conditions. From these three isolates, Z117B wasigénic and was therefore not checked

for aflatoxin production. Isolates Z1TS and Z34Arev@ot the best producers of aflatoxins.
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Their rates of aflatoxin G production were very loampared to those of other isolates. In
opposite to aflatoxin B, a degradation of aflato&@rnwas not observed for these two isolates.
Isolate Z1TS had its growth optimumagt = 0.96 andr = 31°C and its minimum at 0.90 and
31°C. Isolate Z34A had the same parameters fogribsvth minimum but concerning the
optimal growth, the water activity was 0.96 and tdrmperature 33°C. From the point of view
of sclerotical classification, both are L-strainleges and therefore no aflatoxin G production
in their cultures was expected, but comparativedgyMow concentrations were observed. It
should be noticed that these two L-strain isoldtage produced aflatoxin G at low water
activities and none ay = 0.99 . In the previous screening operation ¢éneperature had been
set to 31°C and the water activity to 0.99.

The three lowest growth rates (all parameters coatizins considered) were observed
for the isolates Z46Arg= 0.13 fora, = 0.90 andrl = 33°C), Z213D (s = 0.15 fora, = 0.90
andT = 31°C) and finally Z1TS and Z34Ad4= 0.16 fora, = 0.90 andT = 31°C). From the
four isolates tested, Z1TS and Z34A were also antbage with the highest growth rate (in
more efficient condition). But in absolute way, tkenallest overall growth rates were
recorded for isolate Z46A that was not checkedafitmtoxin because it was considered as
atoxigenic in the screening conditions, and folasnZ213A that belongs to the sclerotical S-
strain group and from this fact is supposed to peedhigh levels of aflatoxin B and G. In the
scope of this experiment, this isolate is the lafistoxins producer and probably because of
that its aflatoxin was frequently and highly degrdd

From the four isolates analyzed for aflatoxin prat¢hn, isolate Z213D was the one
that had the highest production rate of aflatoxiar8l also of aflatoxin G. It was followed by
isolate Z1TS for the aflatoxin B. The highest rataflatoxin G production by Z1TS was very
weak. The optimal conditions for aflatoxin B protlan by isolate Z213D were encountered
at aw = 0.96 andT = 28°C while for isolate Z1TS they were 0.96 ar6f@ Both other
isolates, Z44A and Z34A, had their optima for aflan B production at 26°C and at water
activity levels of 0.96 (Z34A) and 0.99 (Z44A). Timinimal conditions for aflatoxin B
production were more variable. The water activaydls were 0.90 for Z1TS and Z44A and
0.96 for z213D and 96 for Z34A. High water activityas favorable for aflatoxin B
production, but in general at the lowest rangeeaigeratures (26 and 28°C), at least in the

scope of this study. That range of temperature alas more favorable for aflatoxin B
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production of all four studied isolates than thghhtemperatures. According to Schindler et
al. (1967), the maximum amount of aflatoxin B om@re registered between 24 and 29°C.
On the other hand, Koehler et al. (1985) found ttet maximum aflatoxin level was
recovered between 0.95 and 0.96 water activity2@rand 30°C and at 0.89 for 37°C.
However, they did not distinguish both kinds obédiin.

The scheme was different in the case of the praglucf aflatoxin G. For the S-strain
isolates, the maximum rates of production of akatds were observed at the highest water
activities (0.96 and 0.99). But for the isolatesT3land Z34A that were not supposed to
produce aflatoxin G in the normal environmental diban, aflatoxin G had the best
production rate at the lowest water activities Q0a@d 0.93) while for all types of isolates the
temperature were close and rather lower than ZB38C. Gqaleni et al. (1997) studied the
effect of temperature, water activity and incubatione on the production of aflatoxins and
Cyclopiazonic acid and noticed that even if twdfatiént isolates were able to produce the
same kind of mycotoxin, they may have differentimpim temperatures or water activity
levels. The substrate composition could also plaletrminant role. Isolate Z213D is the
isolates that had the highest rate of aflatoximB & production; it is an S-strain isolate with
a low maximum growth rate. The worst aflatoxin proers, for instance isolate Z34A that is
an L-strain, had at the opposite the highest maxinguowth rates. It is also important to
notice that the growth and aflatoxins productioneh@.96 as optimal water activity. The
most favorable temperatures for growth are rathgh (31-35°C) while those for aflatoxin
production are rather low (26-28°C). According tohiadler et al. (1967), the maximum
growth does not coincide with maximum aflatoxin gwotion. And optimum temperatures
for aflatoxin production are lower than those foowth.

As already mentioned, the aflatoxin G productionthg isolates Z1TS and Z44A
described as L-strain isolates was not expectethignstudy and in contrast to the S-strains
isolates, their aflatoxin G production was very lawd appeared at lower water activities
(0.90 and 0.93). Two parameters more or less lirdeedd help to explain this result: 1) The
water activity: it is easy to see that the more Wwager activity increases, the less we have
aflatoxin G in the L-strain cultures. 2) The glygkrindeed glycerol was added to the media
to decrease its water activity. Only the mediumhwitater activity 0.99 did not receive the

glycerol as additive and it appeared that onhhest water activity level there was no aflatoxin
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G produced by the L-strain isolates. Schindlerle(1®67) attributed the change in the ratio
of aflatoxin B to G to the influence of temperatorethe biosynthesis of the metabolites since
they did not include the factor water activity Ireir study. In any case, the conclusion would
be that in certain conditions (remaining to be @&y defined) the L-strain isolates could
produce some other secondary metabolites thanrmalaonditions. In this specific case, if
it can be proven that glycerol was the factor tedtto the aflatoxin G production by L-strain
isolates, then the further direction to investigateld be the form and availability of carbon
impact on the aflatoxigenesis.

Another phenomenon irregularly distributed but metlly unexpected was the
aflatoxin B and G degradation after a certain nunabelays of their production. Schindler et
al. (1967) noticed the decrease of aflatoxin cotraéinn after a certain time and considered it
as a remetabolization of aflatoxin by one of th@ates as source of energy for instance. But
Ciegler et al. (1966) refuted that theory and sgppothat the degradation of produced
aflatoxin is due to the lysis &. flavusmycelium under the effect of high temperature and/
a too high agitation during fermentation. Accordiongthis theory, the lysis of the mycelium
releases some “aflatoxinase” in the medium. Theyydver, invalidated this hypothesis
themselves because they thought that in the affivena@ase, aflatoxin that was also present
within the mycelium but not yet lysed could notiobabit with the “aflatoxinase”. They also
did not find any correlation between aflatoxin cemication and the rate of degradation etc.
but they lacked to provide convincing explanatiboyle et al. (1978) retained the role of the
mycelium in the degradation but added that thei@cation of the medium would also be a
source of aflatoxin degradation. This degradaeamed directly linked to the quantity of
toxin produced. In this study, the aflatoxin degismh was correlated with the level of
aflatoxin produced. The isolate that produced tlghdst level of aflatoxin frequently
degraded its aflatoxin. Also for the other isatathe aflatoxin was degraded whenever they
produced it at a higher rate. It appeared that @fatoxin production followed the
monomolecular increase as far as the concentra¢iorained under a certain value in the
medium but as soon as the curve reached a maxinogsibte level, the degradation process
started like if the fungus started transforming tven because it was too much and became
harmful to the isolate itself. Then one could cadel that aflatoxin is rather a competitive

tool for A. flavus If the environmental conditions can sustéinflavusdevelopment at a
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minimal rate and if in these minimal conditions thelates cannot have high growth rates to
quickly colonize the medium, then they producetaflan to avoid the media encroachment

by other species (Ciegler, 1982). But they are abliegrade their own secondary metabolites
as soon as they need to grow. In this experintbatisolate with the most constant aflatoxin

production is also the one having degraded itdafla most frequently. Now the mechanism

of aflatoxin level control by the isolate could the release of “aflatoxigenase” specifically

produced at the beginning of the aflatoxin toxid¢aythe isolate.

Concerning the growth of the different isolatespeared that the S-strain isolates
had the slowest growth at the highest water am#itAt all water activity levels, the
toxigenic L-strain isolates have most of the tirmilar growth rates not particularly high nor
low. The rate of aflatoxin production did not degeon the growth rate. There were no
correlations between the growth and the aflatoxadpction in previous studies (Rabie et al.,
1965; Schindler et al. 1967). It was more dependingthe water activity and on the
temperature, but to state it once again the optiteaiperatures for both physiological
processes are not similar. The optimum for the gnastarts at 31°C while the optimum for
aflatoxin production is 28°C. The S-strain isolgpesduced always more aflatoxin G than L-
strain isolates but in the case of aflatoxin B aithn it happened that an L-strain isolate
(Z1TS) had a higher rate of aflatoxin B productiban one S-strain isolate (Z44A).
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6 General conclusions

This study allowed for the first time to link theegence of aflatoxins in cultivated
maize to certain characteristics of the soil. jpegred that the content of aflatoxin in maize
is directly dependent on the soil content of orgamairbon, on the incidence Af flavus in
the soil, on the proportion of L-strain isolatestie soilA. flavus population and also on
the presence OA. flavus in the cultivated maize. These four charactesstienstitute the
primary factors that directly influence the aflatoxontent in maize. In the study, other
factors qualified as secondary were detected tiflateince the primary factors. The latitude
of the field location and its height above sealletie soil pH, the solil texture, the fraction
of S-strain isolates in th&. flavus population of the soil, and also certain soil @asi such
as potassium could have an impact on the aflatogimtamination of maize through the
primary factors. In previous studies (Orum et H97; Jaime-Garcia et al., 2006; Cardwell
et al., 2002), the primary or the secondary facksrpresented here have been involved in
the variation of the risk of maize contamination &ffatoxin. Their effects could be
focused on the dynamics Af flavus population in the soil or on th& flavus infection of
cultivated maize. They can be involved throughetdht mechanisms that could be related
to the ecological evolution, the migration or sisngdy the coincidence of favorable
conditions. These conditions could be the growthao$usceptible crop foA. flavus
infection and aflatoxin contamination and the ooence of favorable climatic conditions
aggravated by bad handling of the harvest. Theiggrdaowledge of these factors and of
the magnitude of their impacts is a prerequisitetfe design of forecast methods that
could allow reliably predicting the risk of maizertamination in Benin. All preliminary
works have shown that the soil is the primary nasierof A. flavus propagules (Cotty et
al., 1994). The importance of the climate or of soof its components was proven
especially in relation with the population charaizi@ion ofA. flavus in the soil (Cardwell
et al., 2002; Orum et al., 1997). It was deciswa@étermine with maximum accuracy the
components of the climate or the soil propertied ttould be important in assessing the
risk of aflatoxin contamination in Benin.

To solve that first problem, a survey was carrietl in Benin as described in the
first chapter. The findings confirmed some resufsCardwell and Cotty (2002) and
highlighted the most important aspects of the mablnder the specific conditions of
Benin. Correlations between some variables weree@rd, for instance between the

incidence ofA. flavus in the soil or in maize and the aflatoxin conteanimaize. Other
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expected correlations were not proven asking fesiibe reasons. For instance, despite the
strong correlation between the latitude or the dadhfield height on one side and the
incidence ofA. flavus in the soil or the maize or the sclerotical conijpas of A. flavus in
the soil on the other side, there was no correidietween the field latitude or height, both
mediators of the climate, and the content of akiatan maize itself. Yet this last variable
is the target variable and the most important tatrod. It was then clear that the soil and
climate conditions alone could not explain the highiability of aflatoxin contamination
in the studied area, but that other influencingdes exist. These additional factors that
may contribute to an increase or decrease of #keofi maize contamination by aflatoxin
are for example the variety of cultivated maizel@uet al., 1983), the characteristics of
the local population of. flavus under the cultivated maize (Cole et al., 1982} tizen be
modified by field preparation (Jaime-Garcia et &004), the most common cultural
methods (Hell et al., 2003) such as intercropping @tation. Thus, a station experiment
was undertaken to examine new relevant factors asiche importance of the influence of
the local virulent and toxigenic population &f flavus in the cultivated field, the maize
variety grown and the production system with resp@the build-up of aflatoxin content
during storage.

The second chapter was an experimental study de¢ratng the impact of the
variety on the risk of aflatoxin contamination, timfluence of an increase of toxigenic
isolates in the field and also the effect of sommpping factors involved in most of the
situations leading to high commodity contaminatath aflatoxin. The study showed that
varieties were a source of variation of the riskrafize contamination by aflatoxin. In this
specific case, the length of the cropping cyclehef variety increased the risk. The soll
inoculation with toxigenic and virule. flavus isolates increased the contamination risks
(Cardwell et al., 2002; Cotty, 1989). In contrake intercropping of maize with cowpea
had a noticed effect on the final aflatoxin contenty in the improved variety during
storage. In this study, strong correlations werseoled between the detected aflatoxin
levels and other natural living co-inhabitants/fflavus on maize during storage. The
most important ones are other microscopic storaggifbut also major storage insect
species. As the relationships between aflatoxirceontration and the incidence of major
insect pests has been abundantly discussed amcettesits onA. flavus and aflatoxin well
explained (Hell et al., 2000; Setamou et al., 19871strom et al., 1992), the effects of
other main storage fungi, especially lefisarium spp. andPenicillium spp., which can

contaminate maize in the field or during the ster@gtehnkeng et al., 2008) remained to
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be investigated more closely. Therefore chaptezetittealt with the co-inoculation &
flavus with other important maize moulds trying to deterenhow they interact, if they
increase or decrease the aflatoxin risk dependmthe time when they infect the maize
and on the duration of the storage in favorableditmms for A. flavus growth and
consequently for aflatoxins production.

To understand the effects of the co-inhabitatio\.oflavus with two of the most
encountered moulds on stored maize in the trogicags, experiments in the field and in
the laboratory were set up, in whighflavus was inoculated either on still ripening maize
in the field or on maize already harvested. Theultesvaried strongly between the
inoculation in the field or in the laboratory. Aftgeld inoculation followed by 7 weeks of
storage in an incubator set at 31°C, i.e. conditimvorable forA. flavus, Fusarium spp.
had a positive effect on the infection Afflavus but without further consequences during
storage. Indeed during storage, the raté.ofiavus growth did not vary. The aflatoxin
production in maize was not influenced by the idattan of other non-aflatoxigenic fungi.
Only the inoculation ofA. flavus increased the rate of aflatoxin production. After
inoculation in the laboratory, the presencé®aficillium spp. allowed a better growth Af
flavus during storage, but did not affect the aflatoxiaduction.

Some observations during these experiments showatl lesides artificially
inoculated isolates, natural contaminations andciidns by other isolates &. flavus
occurred, and these infections complicated the nstaleding of the dynamics of the
inoculated isolates in some treatments. Moreoveowkng from the first chapter that a
variability in morphological or physiological chataristics (Cotty, 1989; Cotty et al.,
1999; Klich, 2007) of the different isolates exjdte idea was raised to check the reaction
of some different isolates to the main environmiefatetors. It became then interesting to
see if the common isolates encountered on maiz&l duave different optima in water
activity and temperature for their growth or affatoproduction.

In the corresponding tests, six isolates were atedor the growth and four
isolates for aflatoxin production. It was demont&dathat the growth rate of the different
isolates varied on the artificial medium. Howevidre more important conclusion was
about the production of aflatoxins, because alf fiested isolates were able to produce
both kinds of aflatoxin. The conditions for aflabtoxB production were similar for all
tested S or L-strain isolates. These conditionsevadso similar for aflatoxin G production
by S-strain isolates. Unexpectedly, the L-straiolates produced aflatoxin G at lower

water activity levels compared to S-strain isolatewas further shown that the production
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of aflatoxin and fungal growth had similar watertiaty optima, but the optimum
temperature for fungi growth was higher than folatakin production. The detected
difference in optimal temperatures between growid aflatoxin production supported
previous results by Schindler et al. (1967). Frdms finding, it can be concluded that
maize grains apparently free frofn flavus mycelium will be considerably contaminated
by aflatoxin anyway. Then it should be taken intoccaunt in predicting aflatoxin
concentrations that there is no necessary line&r between the presence or absence of
mould and the contamination by aflatoxin.

To get reliable data for a model predicting aflagxall four experiments should be
repeated at least twice over more seasons andloeattons. Further steps should be field
experiments in real conditions with thorough obag&ons of all climatic, geographic, and
soil parameters and their effects on aflatoxin aomibation of maize and other susceptible
cultivated crops. Once a model has been constrastddested, it could be generalized in

many other countries in West Africa that have allsinclimatic pattern.
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