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Summary

Fusarium species are major threats to maize productiondmode, including in Ethiopia.
Little has been known about the species composiimhprevalence éfusarium spp. as well
as fumonisin contamination level of maize grainsdpiced in different agroeclogical zones
in Ethiopia. Some limited studies indicated that verticillioides is the most common
pathogen in maize kernels in Ethiopia. Howeverdlage no effective control strategies yet.
Development of maize genotypes with adequate lefvedsistance and the use of biological
control agents could be appropriate control meastaréackle the problenifferent sets of
experiments were designed aiming at addressinkribvledge gaps related fasarium and
fumonisin in maize in Ethiopia. To investigate thasarium species complex and fumonisin
contamination associated with maize kernels, 20@pses were collected from 20 different
maize growing areas in Ethiopkusariumisolates were identified to species level, prityari
based on morphological characters. Sequencing efptrtial region of the translation
elongation factor 1-alpha genéH-1a) was performed on representative isolates to stippo
the morphological identification. Fumonisin contaation was investigated using Enzyme
Linked Immunosorbent AssafELISA). Fumonisin production ability of 80 randoml
selectedr. verticillioides isolates, were tested on autoclaved maize culamedsAmplified
Fragment Length Polymorphism (AFLP) analysis waedu® study the genetic variation in
theseF. verticillioides isolates. A two years field experiment was coneddip evaluate
Ethiopian maize cultivars for resistancé~toverticillioides and fumonisin conamination. The
biocontrol potential of nativdrichoderma species isolates were evaluated for ability to

controlF. verticillioides and fumonisin contamination bathvitro and under field condition.

The results showed that several fungi affect mprpeluced in Ethiopia. Elevefusarium
spp. were identified to be associated with maizadds, among thede. verticillioides was
the predominant species, followed by the graminearum species complex.Fusarium
species composition and relative prevalence diffgreatly among the maize growing areas
and agroecological zones. Fumonisin was detectedange proportion (77 %) of the samples
analysed, with concentrations ranging fromu@gkg? to 4500ug kgt. Proportion of kernels
contaminated with fungi and fumonisin contaminatianied among samples collected from
the same areas as well as between maize growiag angl agroecological zones of Ethiopia.
Highest fungal and fumonisin contamination weremyaiecorded in samples collected from

the areas with higher temperature and lower elenafill F. verticillioidesisolates examined



in this study produced detectable levels of totahdnisin in maize cultures. However,
variation in fumonisin production ability was wigeead (0.25 - 38 mg Kg among isolates.
AFLP analysis revealed genotypic variation amoregRthverticillioides isolates in Ethiopia.
Two clusters were identified using the Unweightesdr RSroup Method with Arithmetic
Average (UPGMA) and Principal Coordinate (PCO) gsial but there was no clear pattern
of clustering of isolates into geographic regioh&thiopia.Fusarium verticillioides isolates
that produced the highest and lowest fumonisin l¢ewveere distributed throughout the
different clusters in the dendrogram and PCO pldsssed on the Analysis of Molecular
Variance (AMOVA), theF. verticillioides isolates are characterized by high variation
between isolates within the same geographic regiwh very low differentiation between

isolates from different regions.

Evaluation of Ethiopian maize cultivars for thessistance t&usarium ear rot and fumonisin

accumulation showed the presence of potential ssust resistance. A significant variation
in resistance was detected between cultivars. Soaiee cultivars consistently showed low
level of ear rot severity and fumonisin contamioatiover the two years experiment,
compared to other cultivarlowever, none of the maize cultivars tested in shigly were

completely free from fumonisin contamination. Tlgel maturing type maize cultivars had
greater susceptibility téusarium ear rot and fumonisin contamination compared tyea
types.Fusarium ear rot severity and fumonisin concentration digantly differed between

years and fumonisin concentration in maize grains wasitpely associated with ear rot
severity. Maize cultivars that showed the lowestreiseverity and fumonisin accumulation

may serve as source of resistance for introduétittnagronomical elite materials.

Dual culture interactiom vitro and in field experiments using seed bioprimingeeded that
Trichoderma species isolates have the potential of suppressieggrowth of theF.
verticillioides as well as fumonisin contamination of maize grairtee Trichoderma isolates
were growing fast, deterred further growth of théhogen in the early days of co-inoculation,
and later completely controllde verticillioides by growing over the pathogen after contact.
Variation in hyphal growth inhibition and hyphalilbag frequency were observed among the
differentTrichoderma isolates. Among th&richoderma isolates tested,. hamatum isolates
(Thm3, Thm6) andrl. harzianum (Thr2, Thr5) were better in reducirfg verticillioides
colonization and fumonisin contamination of maieeriels. These isolates may be used as an

integral part of-. verticillioides and fumonisin management strategies.

iv



Sammendrag

Forskjellige arter a¥usarium truer verdens maisproduksjon, inkludert Etiopiie lhar veert
kjent om artssammensetningen og utbredelserFusarium spp. samt forurensning av
mykotoksinet fumonisin i maiskorn produsert i destgellige agrogkologiske soner i Etiopia.
Noen begrensede studier visteFatverticillioides er det vanligste patogenet i maiskorn i
Etiopia. Det er imidlertid enna ingen effektiveaségier for bekjempelse. Utvikling av mais-
genotyper med tilstrekkelig resistens og bruk asldgiske bekjempelsesmidler kan veere
hensiktsmessige tiltak for & takle problemet. Ulikesgk ble gjennomfgrt med sikte pa a
dekke kunnskapshull knyttet ffusarium og fumonisin i mais i Etiopia. For & undersgke
komplekset aWusarium-arter og fumonisin-forurensning i maiskorn, blé®ZfIgver samlet
inn fra 20 forskjellige dyrkingsomrader for maiEtiopia. Fusarium-isolater ble identifisert
til artsniva, i hovedsak basert pa morfologiskeakégrer. Sekvensering av deler av genet som
koder for elongeringsfaktor 1-alf&f-1«) ble utfert pa representative isolater for a vegife
den morfologiske identifikasjonen. Fumonisin-fomsaing ble undersgkt ved hjelp av
ELISA (Enzyme Linked Immuno Sorbent Assay). Fumongoduksjon av 80 tilfeldig
utvalgte F. verticillioides isolater ble testet i kulturer av autoklaverte snasg AFLP
(Amplified Fragment Length Polymorphism) analyse blukt for & studere den genetiske
variasjon i disseéF. verticillioides isolatene.Et to-arig feltforsgk ble utfart for a evaluere
etiopiske maissorter for resistens nkotverticillioides og fumonisin-akkumulering i mais.
Potensialet for biologisk bekjempelse med lokalechoderma-isolater ble evaluert ved &
male evnen til & kontrollerE. verticillioides infeksjon og fumonisin forurensning baie

vitro og i feltforsgk.

Resultatene viser at flere sopparter angriper naigpia. ElleveFusarium spp. ble funnet
assosiert med maiskjerner, blant disse domindfte verticillioides, etterfulgt av
artskompleksetF. graminearum. Det var forskjeller i artssammensetning og reéati
forekomst av Fusarium-arter mellom ulike dyrkingsomrader for mais og ol
agrogkologiske soner. Fumonisin ble pavist i stdgma(77 %) av de analyserte prgvene, og
konsentrasjonene varierte fra 2 kg! til 4500 pg kgl. Frekvensen av soppinfiserte
maiskorn og fumonisinforurensning varierte mellomaver fra de samme omradene, sa vel
som mellom dyrkingsomrader for mais og melllom apalogiske soner i Etiopia. Det var
mest soppinfeksjon og fumonisin i praver samletfignde varmeste omradene og laveste

hayder over havet. AlIE. verticillioides isolerer som ble dyrket maiskulturer i laboratbrie



denne studien produserte pavisbare nivaer av fusitonMen det var stor variasjon i
fumonisin-produksjon (0,25 til 38 mg % blant isolater AFLP analyse viste betydelig
genetisk variasjon blari. verticillioides isolater i Etiopia. To grupper ble identifisertdve
hjelp av UPGMA (Unweighted Pair Group Method withitAmetic Mean) og PCO (Principal
Coordinates Analysis) analyse, men det var ingarekingnster i gruppering av isolater fra
forskjellige geografiske regioner i Etiopiausarium verticillioides isolater som produserte
de hgyeste og laveste fumonisinnivaer fordelte séige klynger i dendrogrammet og PCO
analysen. Basert pa analyse av molekylaer variaWEO¥A), er F. verticillioides isolatene
karakterisert ved hgy variasjon mellom isolateeimior samme geografiske region og sveert

lav differensiering mellom isolater fra ulike regear.

Vurderingen av etiopiske maissorter for resistenst Fusarium-rate i maiskolber og
fumonisin-forurensning viste at det finnes potelfesieesistenskilder. Det ble funnet et vidt
spekter og betydelig variasjon i resistens mellones. Gjennom to ars feltforsgk viste noen
maissorter konsistent lavt niva av kolberate ogdnisin-forurensning sammenlignet med
andre sorter. Imidlertid var ingen av de maiss@tsam ble testet i denne undersgkelsen
fullstendig uten fumonisin-forurensning. Sene maites var mer mottakelige fétusarium-
kolberate og fumonisin-forurensning enn tidligetenrAngrepene akusarium-kolberate og
fumonisin-forurensning var statistisk signifikanbrékjellige fra ar til ar. Fumonisin-
konsentrasjon i maiskorn var positivt assosiert avegtepsgraden av kolbebrate. Maissortene
som hadde minst angrep av kolberate og fumoniskosaklering kan vaere kilde til resistens

for innfagring i agronomisk foredlingsmateriale.

Dyrkingsforsgk in vitro og feltforsgk med biologisk frgbeising viste abla&er av
Trichoderma-arter har potensiale til & hemme vekstenFawerticillioides og redusere
fumonisin-forurensning av maiskormrichoderma-isolater vokser raskt, hemmer vekst av
patogenet i tidlige stadier av dobbelkulturer, egese stopper veksten &vverticillioides
ved & vokse over patogenet etter kontakt. Variadsjeksthemming av sopphyfer og frekvens
av Trichoderma-hyfer som vokser rundt patogen-hyfer ble observetllom ulike
Trichoderma-isolater. Blant deTrichoderma-isolatene som ble testet, var isolatefie
hamatum (Thm3, Thm6) ogT. harzianum (Thr2, Thr5) mest effektive til & reduseFe
verticillioides kolonisering og fumonisin-forurensning av maiskgar. Disse isolatene kan bli
brukt som en integrert del i bekjempelseFRawerticillioides og fumonisin forurensing av

maiskjerner.
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1. General introduction

1.1 Themaizecrop

Maize ¢ea mays L.) is an annual plant, which belongs to the trfb®dropogonea®f the
grass family Poaceae and the ge@ea (OGTR 2008) According to archeological and
genetic analysis, maize originates in Central AogriMexican highlands. Maize was
domesticated from the wild relative plant calledsiate Zea mays subspecieparviglumys)
7000 — 10000 years ago (OGTR 2008; Ranum et a#)201

Maize is one of the most important cereal cropsvgrthroughout the world over a wide range
of environmental conditions. The crop has the pméto produce a great amount of dry
matter per hectare (ha), and it is widely grownaose of its easiness of cultivation,
adaptability to different agroecological zones,sagite food uses and storage characteristics
(Fandohan et al. 2003; Shiferaw et al. 2011). Waidé maize production in 2014 was
estimated to 1021million metric tons (FAO 2014).ixéaplays an important role in the diet
of millions of people; which supplies an energy signof 365 Kcal per 100 g, contains about
72 % starch, 10 % protein, and 4 % fat (Ranum.e2@l4). Maize is also extensively used
for animal feed, and it can be processed into abeuraf industrial products including starch,
sweeteners, oil, beverages, glue, industrial alcand fuel ethanol (Ranum et al. 2014;
Shiferaw et al. 2011).

1.2 Maizein Ethiopia and production constraints

Maize is one of the most important cereal cropBtimopia, ranking first in total production
(7.2 million tons) and second in area coverage (rilton ha) next to teff Eragrostis tef
Zucc) (FAO 2014). The crop is believed to be introed to Ethiopia by Portuguese merchants
during the 1600s - 1700s (Haffangel 1961), butentty it is one of the most widely grown
crops in different agroecological zones of the ¢oumhe mid-altitude humid and sub-humid
agroecological zones are the most important maiaeiigg areas (Worku et al. 2012). The
weather conditions characterized by warm tempegadund adequate amount of rainfall in
these zones create favorable conditions for maitévation. The crop is mainly produced

under rain fed growing condition, and productios imecreased gradually in the past few years
(Fig. 1).
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Fig. 1 Historical trends in area and production of mdizdethiopia between 2005-2014.
Source FAO 2014.

Almost all maize grain produced in Ethiopia is aem&d as human food (Worku et al. 2012).
The smallholder farmers, which comprise for abdup8rcent of Ethiopia’s population, are
both the primary producers and consumers of maiZethiopia. Maize is the preferred and
lowest cost source of cereal calories, providingtithes and 2 times the calories per dollar
compared to wheat and teff, respectively (IFPRI®0Maize also plays an important role as
animal feed and industrial raw material (Workule2@12). Maize will remain a high priority

crop to feed the ever-increasing population ofdbsentry. This requires a further increase in
maize productivity and production in the countryotigh intensification of maize production

and reduction of yield losses.

Maize has a higher average yield potential peraneia (3.2 tonnes fig than any other crop

in the country. However, the potential of this cremot fully realized due to heavy pre- and
post-harvest losses caused by diseases, insed aedt weeds (Worku et al. 2012).
Lepidopterous stem borers that affect maize caigsefisant losses in Ethiopia, and insect
damage also increase fungal infections and mycetogntamination. A number of fungal
pathogens infect maize at different developmenéajes, and all parts of the maize plant are
susceptible to certain diseases (Tilahun et al2R00ilahun et al. (2012) have reported more

than 47 fungal diseases associated with maize. Mtteintion should be paid to disease of



the maize ear, because only healthy ears and keraelensure high grain yields and qualities.
Fusarium species are the most common fungal contaminantsaunsks of ear rot in maize
in Ethiopia (Ayalew 2010; Wubet and Abate 2004).

1.3 Significance of Fusarium speciesin maize

The genusFusarium contains economically important plant pathogensisicey various
diseases in agriculturally important crops suchnasze. Fusarium species may cause
seedling blight, root rots, stalk rots, ear anchkérot on maize (Leyvdadrigal et al. 2015;
Logrieco et al. 2002; Munkvold 2003). Two typeseaf rot in maize are caused by different
Fusarium species. These are recognizedasberella ear rot, also referred to as red ear rot,
andFusariumear rot (pink ear rot) (Das 2014; Logrieco et 802, Mesterhazy et al. 2012).
Fusarium ear rot disease is recognized by white to lighkpiottony mycelium growth on
kernels (Fig. 2), and the ear rot occurs on eardipas random individual kernels or groups
of kernels in scattered areas on the maize earigaget al. 2002; Munkvold 2003). Infected
kernels also exhibit white streaks, known as “stesty symptom, radiating from top of
kernels (Das 2014). Reddish mold growth, startingifthe ear tip and eventually cover large
portion of the ear, is a typical symptom @ibberella ear rot. Blue-black perithecia of the
telemorph,G. zeae can be observed on infected husks and ear shBaks2014)Fusarium
ear rot is predominantly causedmyverticillioides (Sacc.) Nirenberd-usarium proliferatum
(Matsush.) Nirenberg, arfé. subglutinans (Wollenw. & Reinking) P.E. Nelson, Toussoun,
& Marasas have also been associated ®itkarium ear rot (Logriecet al. 2002; Munkvold
2003).Gibberella ear rotis mainly caused b¥. graminearum (Schwabe), but it may also be
caused by otheFusarium species includind-. culmorum (Wm.G. Sm.) Sacck. cerealis
(Cooke) Sacc. anB. avenaceum (Fr.) Sacc. (Logrieco et al. 2002; Mesterhazyle@12;
Munkvold 2003).Fusarium ear rot predominates in warmer and drier areassy@dereas
Gibberella ear rot has been observed more frequently in caoleas, and the pathogen
requires high humidity from silking to harvest its development (Doret al. 2011; Goertz
et al. 2010; Logriecet al. 2002)

Infection of maize byrusariumspecies may result in premature death of plants)tbyfering
with the translocation of water and nutrients t@eipplant parts, causing yield losses and
reduce grain quality (Presello et al. 2008; Willsaet al. 2007). The main concern associated

with maize ear rot diseases is that sdfusarium species produce secondary metabolites



known as mycotoxins, which render the grain inedibt toxic to humans and domestic
animals (Marin et al. 2013; Reddy al. 2010; Wskiewicz et al. 2012a). Colonization of
maize grains byrusarium ear rot fungi may result in contamination of gsawith high level

of fumonisins, as well as lower levels of fusariasaric acid, moniliformin and beauvericin,
depending on the species involved (Braetmal. 2012; Darnetty and Salleh 201G)bberella

ear rot disease may lead to contamination with gei@alenol, nivalenol and zearalenone
(Logrieco et al. 2002; Mesterhazy et al. 2012). 8afata suggested that over 25 % of the

world’s food crops are affected by mycotoxin contaation each year, witlrusarium

species playing the significant role for food canitaation (FAO 2013).

Fig. 2 Typical symptoms ofFusariumear rot in maize after inoculation wighverticillioides.

Photo: Hadush Tsehaye.

1.4 Taxonomy and species concept in Fusarium

Fungi in the genuBusarium have been known since 1809 (Summerell et al. 201® name
Fusariumis derived from the Latin worfdisus, meaning a spindle. The taxonomy of the genus
Fusariumis complex, and the number of species recognizétkei genus has changed (Snyder
and Hansen 1945; Nelson et al. 1983; Leslie andnsenell 2006; Summerell and Leslie
2011). The difficulties and unstable taxonomic drgtof the genus were mainly due to the
application of different taxonomic systems thatevaot standardize(Moretti et al. 2009).
Accurate identification requires the use of diffgreuitable markers (Summerell and Leslie
2011). Based on detailed morphological, molecular andadgickl markers Leslie and
Summerell (2006) described 70 differ&unsarium species, and the number is increasing with

the continuous discovery of new species. Threecbamncepts are being used to identify



species irfFusarium. These are recognized th& morphological, biological and phylogenetic

species concepts (Leslie and Summerell 2006).

The morphological species concept uses physicaphysiological charactets distinguish
Fusarium species. A species is a morphologically cohesinaig and members possess
morphological characters, that distinguish thenmfrather groupgLeslie and Summerell
2006; Summerellet al. 2010) Differences inshape and size of macroconidia, microconidia
and chlamydospores, as well the presence or absence of these characters, & thie
greatest weight when recognizing species morphcédigi (Leslie and Summerell 2006;
Nelsonet al. 1983). In addition to these, careful assessmaf morphological features such
as conidiogenous cells (monophialide or polyphesjd conidial chains and secondary
characteristics like color and pigmentation haveerbeemployed for morphological
classifications ofFusarium speciegLeslie and Summerell 2006; Nelsenal. 1983). In order
to obtain the above morphological structures aedtifly species correctly, growing isolates
on appropriate culture medium and incubation usgecific conditions (alternating near UV
light and darkness) that promote the developmenaphological features is requiréthe
main limitation with morphological species concepts that the numbers of distinct
morphological characters are often limited compaoetie great number of species that need
to be distinguishedLeslie and Summerell 2006). Differences in morplgalal structures,
such as conidial shape and size, may also be deptod environmental conditions. Despite
these limitations, morphological structures remanmportant components of tRasarium
species concephecause of their widespread practical use. Thigdcperhaps the primary
option especially in resource-limited developingurmies, which do not get access to

molecular and biological analytical tools.

Biological species refers to groups that have dlgtoapotentially interbreeding individuals,
and members of the group share a gene pool, bytiteeisolated reproductively from other
populations (Leslie and Summerell 2006). The bimalgspecies concept has been used
successfully when tester strains are available. t€ser straircan be used in crosses with
unidentified isolates to determine whether the enidied strain is a member of the same
biological species or nofLeslie 1995). Defining a biological species formmathallic
Fusarium species is difficult, due to substantial outcrogggenomena (Leslie and Summerell
2006).



The phylogenetic species concept utilizes molecutarkers, usually differences or
quantitative measures of genetic relatedness gexdelbased on DNA sequences of selected
genes, for defining a species (Summegell. 2010). The concept uses genealogies ofione o
more genes to identify fungal species. Genes corfynmed for genealogical concordance
phylogenetic species recognition includes ribosdRidd\ genes (internal transcribed spacer),
intron-poor protein coding genes (polymerases |l§nahd intron-rich protein coding genes
(translation elongation factor 1-alpha) (Geiserlet2004; Tayloret al. 2000). The partial
translation elongation factor 1-alphBEF) gene is widely used for molecular identification
of Fusarium species. This gene occurs as a single cousarium and shows a high level
of sequence polymorphism among closely relatedispdGeiser et al. 2004; O’Donnell et
al. 1998). The phylogenetic species concept mayesdhe problems with mating
(homothallic) and morphological characters assediatith biological and morphological

species concep{Faylor et al. 2000).

1.5 Biology and ecology of Fusarium verticillioides

1.5.1 Host range and geogr aphic distribution

Fusariumverticillioidesis widely distributed throughout the world, mainigder tropical and
subtropical environmental conditions. The hosgeanfF. verticillioides is broad, but iis
mainly associated with maize worldwide (Picot et28110). This fungus has been recovered
from a number of important crop plants includinggbwum, rice, millet, wheat, beans,
sugarcane, cotton, banana, tomato, peanut, pireaquer beets, soybean, figs, flax, stone
fruits and several grasses (Bacon and Nelson 198¢;2014; Scott 2012; Summerell et al.
2010).Fusariumverticillioides is recognized as a systemic endophyte and nonatéligant
pathogen (Bacoat al. 2008). Most non-obligate plant pathogefigheir host cells prior to
infection and obtain nutrients from nonliving tissuDepending on the environmental
conditions, the endophytic phase varies betweamaliotroph pathogenic and symptomless
biotrophic state (Bacoet al. 2008).

1.5.2 Temper ature and water availability

Environmental factors, especially water availapiind temperature, significantly affect the
pathogen’s life cycle (survival, germination, grbwtand reproduction).Fusarium
verticillioides is common in warmer and drier areas (Munkvold 20@8pt et al. 2010).

Fusarium verticillioides can grow over a wide range of temperatures, byt ontler higher



water activity (& > 0.9) (Marin et al. 2013). Maximuf®. verticillioides growth has been
reported at water activity (0.97 - 0.98) and terapaes between 25 - 30 °C (Jurastcal.
2008; Marin et al. 2004)in general, low temperature and water stress afteluceF.
verticillioides growth, while high temperature and water availpiiromote higher fungal
growth (Juradet al. 2008; Marin et al. 1999).

1.5.3 Morphological futures

Fusarium verticillioides is characterized by the absence of chlamydosparesconidia are
formed inside the hyphae or conidiophore througheatroblastic process.Fusarium
verticillioides has small, single-celled, abundant microconididoimy chains (Leslie and
Summerell 2006). The conidia are oval to club stapih a flattened base, and zero-septate.
Conidial chains of. verticillioides are produced from monophialides in V-shaped paics a
false heads (Nelson et al. 1983). Macroconidia wianm slightly falcate or sickle-shaped to
straight, slender; with the dorsal and ventral acefalmost parallel (Nelson et al. 1983).
Culture characteristics and pigmenttaion on PDAvamgable, ranging from grayish orange

to violet grey and dark violet (Leslie and Summie2806).

1.5.4 Reproduction and genetics

Fusarium verticilloides has a genome size of about 42 Mb and 11 chromas@iteet al.
2010). The predicted number of genes for this fgnguwestimated to be about 14, 179 (Ma et
al. 2010). This fungus is a hetrothallic (self-B&3rspecies, and sexual reproduction in such
fungal species requires contribution (cell fusi®@m two strains belonging to opposite
mating type idiomorphs, which are recognizedM&T-1 and MAT-2 (Yun et al. 2000).
Asexual reproduction iffusarium is believed to be more frequent than sexual, duthe
unequal relative frequency MAT-1 andMAT-2 alleles as well as limited number of female
fertile strains (Leslie and Klein 1996). Successky)ual crossing and subsequent perithecial
development depends on the compatibility of “+hda‘“-”" (male and female) nucleus
carrying the opposite mating type alleles (Lesthid Klein 1996; Leslie and Summerell 2006).
In heterothallic fungi, the ascus usually contaight ascospores with four of them inherited
from each opposite mating type. Generally, sexebdmbination is believed to be the main

source of genetic variation in fungal pathogens@iicald and Linde 2002).

Gibberlla is the name given for the sexual stage (telemogbhhany Fusarium species

(anamorphs). The sexual (telemorph) stage. gérticillioides is Gibberella fujikuroi mating
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population A (Leslie 1995). Individuals within avgn mating population can be classified
into different vegetative compatibility groups (VEGbased on their ability to form
heterokaryons (cells containg different nucli) withe another (Leslie et al. 1992). Strains
belonging to the same VCG may be clones of onehanotvhile strains that are in different
VCGs are genetically distinct. Most of the strainsa F. verticilloides population are in
different VCGs and hence, clones in these populatwe rare (Leslie and Kelein 1996; Leslie
and Summerell 2006).

1.6 Disease cycle of Fusarium ear rot

1.6.1 Survival and sources of inoculum

Infected seeds and crop residue are the souragesaflum for infecting the succeeding crop
plants.Fusarium species survive on crop residue as mycelium cerashrvival structures,
including chlamydospores on the soil surface, mogls without host plants (Munkvold 2003;
Leplat et al. 2013). Unlike otheFusarium species,F. verticillioides do not produce
chlamydospores, but it can produce thickened hyplibieh prolong its survival capabilities
(Leslie and Summerell 2006). Mycelium in infectedpresidues can produce several types
of infectious propagules such as macroconidia aisdoconidia (Das 2014; Mesterhazy et al.
2012). Microconidia are abundant i verticillioides and believed to be important for
survival and dispersal of the pathogen (Leslie Kettin 1996) Infected stalks partially
buried in the soil are the major overwintering sig&d source dt. verticillioides inoculum

for infection of maize plants (Cotten and Munkva®@o8).

1.6.2 Dispersal and infection process

Fusarium species are known to disperse through variousyzats, including dispersal with
infected seeds by human transport, movement is 8oih water and dispersal as air blown
spores (Munkvold 2003; Summerell et al. 2010). dtiten may also occur through silks, via
wounds created by insects or birds and/or systémitaough roots (Mesterhazy et al. 2012;
Munkvold 2003) Fusarium verticillioides and othelFusarium species, causirfgusarium ear

rot, are dispersed primarily by microconidia, bessauhese propagules are abundantly
produced and the small size makes wind-blown désspperasy. Macroconidia seems suitable
for water-splash dispersal rather than wind disgddifdunkvold 2003). The overall disease

cycle of Fusariumear rot is illustrated in Fig. 3.
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1.7 Fumonsins

Fumonisins are mycotoxins produced by a numbelFudarium species, including-.
verticilloides, F. proliferatum, F. temperatum, F. oxysporum, F. globosum, F. napiforme, F.
delamine and F. nygamai (Rheeder et al. 2002; Scott 2012; dMawicz et al. 2012a).
Fumonisins are also produced by strainsltérnaria alternate f. sp. lycopersici (Rheedeet
al. 2002) andAspergillus niger (Frisvad et al. 2007). HoweveF. verticillioides and F.
proliferatum are the primary producers of fumonisins in maiemkls, globally (Picot et al.
2010).

The fumonisin mycotoxins were first isolated in 8§8BmF. verticillioides cultures in South
Africa by Gelderblom et a(1988) and Bezuidenhout et al. (1988) charactetize molecular
structure in the same year. Fumonisins are polanpoainds, soluble in water and aqueous
solutions of methanol and acetonitrile, but they ot soluble in non-polar solvents (IARC
2002).

At least 28 different fumonisin analogs have besported from cultures and grain samples
(Rheeder et al. 2002). These chemically relatedrstary metabolites (Fig. 4) has been
classified into four main groups, recognized asduoisins A, B, C, and P series (Rheeeker

al. 2002; W&kiewicz et al. 2012a). Recently new fumonisins have bescodered, such as



the FBX and related metabolites, by LC-MS/MSFinverticillioides cultures (Bartolet al.
2006). The fumonisin B series (EB-Bz and FB) are the most important, naturally occurring
compounds; with fumonisin Baccounting for 70 - 80 % of the total fumonisin Fn
verticillioides cultures and in naturally contaminated foods (Rleeet al. 2002; Wskiewicz

et al. 2012a).

"OOH
COOH
O R2 OH
R4
O R1 R3
GO
\/\COOH
COOH
R, R, R; Ry
FA; OH OH CH;CONH CHs
FA> H OH CH3CONH CH3
FB, OH OH NHa> CH3
FB> H OH NHa> CH3
FB3 OH H NH> CH:
FB,4 H H NH> CH:
FBs OH H NH> CH3
FC, OH OH NH> H
FCs OH H NH» H
FC4 H H NH> H
FD* H H H H
FP, OH OH 3-hydroxypyridine H
FP> H OH 3-hydroxypyridine H
FP3 OH H 3-hydroxypyridine H

*Hydroxy group between R; and R; replaced by hydrogen atom.

Fig. 4 Structures of different groups of fumonisins (déll and Mayer-Helm, 2006).

Fumonisins are the most common contaminants of enad maize based food and feed
products worldwide (Marin et al. 2013; Picot et a010; Wakiewicz et al. 2012a).

Fumonisins have also been reported from other catiitres such as, sorghum, rice, wheat,
soybean, cowpea, beans (navy, mung, adzuki), caffapes, figand asparagus (Scott 2012;
Waskiewicz et al. 2012a; Zo6liner and Mayer-Helm, 2006). Howetlge contamination level

in these crops is usually lower than that of makzemonisins are resistance to thermal
degradation, they cannot be destroyed by cookind,they can, therefore, easily enter the
human food chain (Shephard et al. 2012). Thesegptinthe importance of testing human
and animal foodstuffs for the presence of fumosismavoid the associated health hazards.
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1.7.1 Animal and human mycotoxicity

Toxicological studies of FBhave showed that fumonisin could cause a numbeaniohal
diseases including leukoencephalomalacia in hgMasasat al. 1988), pulmonary edema
and hydrothorax in swine (Haschek&t al. 2001), nephrotoxic, hepatotoxic and
hepatocarcinogenic in rats (Gelderblom et al. 18ttt 2012). Horses and swine are the
animal species most susceptible to fumonisin (\&sd. 2007). Consumption of fumonisin
contaminated maize has been associated with aiglof esophageal cancer (Rheeaxtea.
1992) and neural tube defects (Missrakal. 2006). FumonisiniBs classified as “possible
carcinogenic to humans” (group 2B carcinogen)h®y linternational Agency for Research on
Cancer (IARC) (IARC 2002). Animal and human heailtbblems related to these mycotoxins
are almost exclusively associated with the consiongif contaminated maize or products
made from maize (Marin et al. 2013; Reddy et al®2®Rheeder et al. 2002).

The toxicity of fumonisin are explained by theiilep to disrupt the sphingolipid metabolism

through inhibition of the enzyme ceramide synthaseenzyme that catalyses the acylation
of sphinganine and recycling of sphingosine (Mafral. 2013; Wang et al. 1991). The
consequence of this inhibition includes disruptidhe synthesis of sphingolipids as well as
increases intracellular accumulation of free sphumige and sphingosine, which initiate a

complex of events that may cause toxicity of cgigrianoet al. 2005; Voss et al. 2007).

1.7.2 Role of fumonisin on plant pathogenesis

The role of fumonisins in plant pathogenesis dukRngerticillioides colonization of maize is
not clear. Some earlier evidences indicate thatofuigins might impose some phytotoxic
activity on maize seedlings (Doehlettal. 1994 L amprechtet al. 1994). Severe disease
symptoms, such as necrotic leaf lesion, seedliigyténd stunting, have been reported, when
maize seedlings are inoculated with fumonisin pobayF. verticillioides strain (Williams

et al. 2007). Myunget al (2012) also observed the presence of lesions ic@idcwith
accumulation of fumonisin in plant tissue. FumamiBi, produced by. verticillioides, was
also observed to modulate mafkd,3-glucanse activity, which is known to be invadvin
plant defense responses (Sanchez-Raetgal 2012). Contrary to these results, a maize ea
inoculation study, using fumonisin-nonproducing amitstrains, showed that fumonisins are
not required for pathogenesis, since the mutaainstiwere as aggressive as the fumonisin-
producing parent strains to infection of maize eard causing ear rot symptom (Desjardins

et al. 2002). It has also been observed that fushord; producing and nonproducirig
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verticillioides strains did not differ in their ability to causeeslling blight (Desjardinst al.

2007). Thus, the importance of fumonisins in pa#megis on maize is not clear.

1.7.3 Analytical detection and quantification methods

Analytical methods available to detect and quaritifjonisins in food matrix includes: thin-
layer chromatography (TLC), high performance liqalttomatography (HPLC), enzyme-
linked immunosorbent assay (ELISA), capillary chetagraphy gas coupled with mass
spectrometry (GC/MS3nd liquid chromatography-mass spectrometry (LCNS/ (Scot et

al. 2012; Turneet al. 2009; Wskiewicz et al. 2012a). Many of the above methods demand
high technical knowledge of experts and labora&guipment. Thus, alternative methods
based on antibodies such as ELISA have been irgsatlifor easy estimation of fumonisins
in large number of samples (Goryacheva et al. 200@@se immunochemical methods for
fumonisin analysis have become popular, and théhadebf choice because of simple
application, quicker and relatively low cost comgghto the other chromatographic methods
(Turner et al. 2009). The limitation of competitiZ&ISA kits is that they are for single use,
and possess a limited detection range due to tmevnaensitivity of the antibodies, thus the

cost increases for bulk sample testing (Turnet. &0£9).

1.7.4 Legidation and maximum toler able limits

To address food safety concerns due to fumonisaweral countries have developed
regulations for maximum tolerable limit of the toxn food and feed (EC 2007; FDA 2001;
FSA 2007). The European Union has set maximumgiofi4 mg kg for total fumonisin in
unprocessed maize, 1 mgkg maize and maize-based foods intended for dineatan
consumption, 0.8 mg Kgin maize-based breakfast and snacks, and 0.2 rhipl@pby foods
(EC 2007). The recommended levels of fumonisimgeatration in animal feed is 5 mg kg
1 for equines, 20 mg khfor swine, 60 mg kg for cattle being raised for slaughter, and 100
mg kg for poultry being raised for slaughter (FDA 200bsset al. 2007). Currently, there
are no established guidelines in Ethiopia for maxmtolerable limits of fumonisins allowed
in food and animal feed. Researchers in Africa hlaeen suggesting that the provisional
maximum tolerable limit should be based on detakedwledge of use and taking into

account maize consumption in various communitiéepBardet al. 2013).
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1.8 Factor s affecting Fusarium infection and fumonisin production

Fusarium infection and fumonisin production in maize arftuenced by several biotic and
abiotic factors and their interaction (Miller 20(Rarsons and Munkvold 2010; Picztal.
2010). The genetic makeup of the pathogen is impofor fumonisin production (Sex al.
2001; Sagararat al. 2006).

1.8.1 Genetic makeup of the pathogen strains

In F. verticillioides, fumonisin production is controlled by a collectiof genes recognized
as the fumonisin biosynthetic gerfeUM) cluster, which consist of 17 coregulated genes
(Proctor et al. 2003; Visentigt al. 2012). Isolates that have this gene clustdreir genetic
constitution are able to produce fumonisin whilesé who lack this gene cannot synthesize
the toxin. Previous molecular studies indicateiaaitroles ofFUM1, FUM6, FUM8 and
FUM21 in FB; biosynthesis; disruption resulted in significaatluction in FB synthesis
(Proctoret al. 2003; Seet al. 2001; Visentiret al. 2012). Several additional genes that do
not exist in th&UM gene cluster appear to influence fumonisin bidsgsis both positively
and negatively. Some of the genes that are knowegiolate fumonisin biosynthesis include
FCC1, FCK1, PACL, ZFR1, GBP1, GBB1, CPP1, AREA, FST1 andFVVEL1 (Picot et al. 2010;
Sagararret al. 2006).

1.8.2 Temper atur e and moistur e availability

Moisture and temperature conditions during the gngwgeason, as well as during storage are
key environmental factors for growth Btisarium spp. and fumonisin contamination (Picot
et al. 2010; Pitet al. 2013; Wikiewicz et al. 2012b). The optimal temperatureféononisin
production byF. verticillioides is in the range of 20 °C to 30 °C (Marin et al. 200
Samapundet al. 2005), and no fumonisin production was ok below 10 °C (Marin et
al. 1999). Optimal water activity y@for fumonisin biosynthesis were determined t®85

- 0.99 a (Lazzaro et al. 2012; Marin et al. 1999). The affef temperature seems more
pronounced whenyais lower than the optimum for growth of the patblogSamapundet

al. 2005). Expression 6flUM gene associated with fumonisin biosynthesis hasfoend to

be markedly induced at 20 °C, under suboptimal tmmdfor fungal growth and in response
to increasing water stress (Maghal. 2010). Water stress may be an importanofédor
fumonisin buildup in field when water availabilifecreases due to changes in rainfall

patterns (Juradet al. 2008).On the other hand, wet conditions in the grainrdfigrvest
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creates favorable condition for fungal growth amchénisin contamination (Cao et al. 2014;
Mesterhazyet al. 2012). Bush et.gl2004) found maximal fumonisin content at 20 %aiedr
moisture while the toxin was not detected, whem&emoisture content was higher than 35
%. Maize kernels that was not reach physiologicatumty accumulated no fumonisins.
Generally, warm and dry conditions during the egrhin filling stage, together with decline
in precipitation appear to be favorable for fumanontamination of maize in the field (Cao
et al. 2014; Miller 2001; Pascale et al. 2002; Bhelt al. 1994).

1.8.3 pH and nutrient factor s of the substrate

Nutritional conditions, such as sugar availabiligppear to be important for fumonisin
production, since positive relationship is dematsl between fumonisins production and
sugar concentration (Jiménet al. 2003).In vitro studies indicated that sugar sources,
especially amylopectin, are key factors that ma@utlae fumonisin biosynthesis (Bluhm and
Woloshuk 2005; Wgkiewicz et al. 2012b). Similarly, a decrease amae@ concentration
(N-depletion) induced=UM gene expression and increases fumonisin produdijoi.
verticillioides (Jiménezet al. 2003; Kohutet al. 2009). Fumonisin biosynthesis is also
influenced by pH. Low pH is usually required fottiopal fumonisin production (Kellest al.
1997), whereas lower level of fumonisin has beeseoled under high pH (alkaline)
condition (Flahertyet al. 2003). In the field, low pH and high amylofie content may be
readily develop in decaying host tissues whereBtasrbeing metabolized (Picetal. 2011).

1.8.4 Insect damage

Kernels wounded by insect feeding are susceptiblEusarium infection and fumonisin
contamination (Cao et al. 2014; Mesterhazy et@22Miller 2001). Insects serve as vectors,
transferring inoculum between plants or causingmasuand enabling entry of the fungus into
the plant. A variety of insect species has beemwrted as agents in the dispersalFof
verticillioidesand increase of fumonisin contamination. Soméeihost frequently reported
insect pests in this regard are the maize stemrdbd@strinia nubilalis and Sesamia
nonagrioides) (Fandohan et al. 2004; Folcher et al. 2009), Amgois grain mothJtotroga
cerealella) (Cao et al. 2014) and thripBr@nkliniella occidentalis) (Parsons and Munkvold
2010). Blandino et a(2009) found up to 67 % reduction in fumonisin cemntration in plots
where the European corn borer was controlled. Aiaant reduction in mycotoxin
(trichothecenes, fumonisins and zearalenone) lewdsobserved, when maize stalk borers

were controlled by insecticide treatments (Folateal. 2009).
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1.9 Fusarium ear rot disease and fumonisin management

1.9.1 Host plant resistance

Breeding maize for genetic resistance is the mifstteve way to control maize ear rot and
fumonisin contamination. Maize hybrids and inbraws$ often differ in their response to
Fusarium infection and fumonisin accumulation (Eletral. 2008; Loffler et al. 2010; Small
et al. 2012). Two resistance mechanisms agd&nsarium infection are known, namely
resistance to initial penetration and resistancth¢éospread of the pathogen in host tissue
(Mesterhazy et al. 2012). Resistance to fumonisirtamination is heritable and controlled
by several gene regions in maize (Robertginal. 2006). Resistance to fumonisin
contamination is not significantly affected by thellen source; thus, evaluations can be
effectively performed on open-pollinated plantsa(6et al. 2006). Hybrid vigor is an
important disease resistance parameter, and a 2&dégtion in ear rot and 30 % lower
fumonisin content have been recorded in hybridspaoed to their inbred parents (Hung and
Holland 2012). Maize varieties with a long vegetatperiod are considered most susceptible

to ear rot and fumonisin contamination (Battilanak 2008; Loffler et al. 2010).

In maize genotypes, several morphological and gerfattors have been reported as
important for resistance to ear rot and fumonisintamination. Maize genotypes with good
husk cover exhibit less fumonisins (Cao et al. 20hdsk leaves that extend beyond the ear
tip and adhere tightly to the developing ear exetuthsects that facilitate fungal infection
(Butrénet al. 2006). An exposed ear may be more vulnetaldar rot than one ear enclosed
in the husk. Contrary to these results, earliedistireported that maize cultivars with tight
husk cover were more susceptiblé-tsariuminfection, because of slow drying which favors
Fusarium growth (Fandohaet al. 2004; Warfield and Davis 1996). Maize gepety/with a
predisposition for kernel-pop, silk-cut or latesglits in the kernel pericarp are at greater risk
for Fusarium infection (Odvodyet al. 1997). Similarly, maize inbred lines withfteo
endosperm (dent) are believed to be more susceptiflmonisin accumulation than inbred
lines with flinty endosperm (Desjardies al. 2005; Santiaget al. 2013). In contrast to this,
Czembor and Ochodzki (2009) and Loéffetral (2010) found higher fumonisin content in
flint than in dent genotypes of maize. However, tibgted sets of genotypes in these cases
were not the same and may not be contradictoryduRtan of various defense substances
such as accumulation of flavonoids, phenolic conmaisuand phytoalexins (Sekhe al.
2006) as well as high levels of phenylpropanoidtéir pericarp (Sampietet al. 2013) have
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been related to reduced disease severity and lmn@wnisin contamination in maize. Crop
plants that are locally adapted and resistant4aleio stress factors are generally resistant to
toxigenic fungi and fumonisin contamination. Whtlgtivars grown outside their adaptation
range appear to be susceptible to toxigenic fundiaccumulate more fumonisins (Doko et
al. 1995). Cultivars that display low visual eat disease severities often results in lower
fumonisin contamination (Bolduan et al. 2009; Rad@n et al. 2006).

1.9.1.1 Inoculation methods and screening for resistance

Selection of resistant genotypes often relies difical inoculation methods, performed
either using one well characterized isolate or@uné of fungal strains. Natural infestations
are not as severe as infestations after artifin@tulations, and ear rot disease epidemics are
also sporadic in nature (Mesterhdatyal. 2012).Maize is most susceptible feusarium
infection during the R (blistering) growth stage, and susceptibility deses in later
developmental stages (Clemestsal. 2003). During the Ryrowth stage, kernels are very
small and white in color, and the fluid that fillee kernels is clear in color. This stage begines
10 — 14 days after silking. The cob size is neaoyplete, and silk begin to dry and darken
to a brown color (Ritchie et al. 1993). Thus, tdfedentiate genotypic differences for
resistance, artificial inoculations have been pented at this susceptible growth stage to
ensure enough infection and uniform distributiorthed pathogen among plants throughout
the field. Depending on major modes of fungal eritiio the maize ear, two distinct
inoculation methods have mainly been used. Onéetechniques simulates fungal entry
through the silk by injecting a conidial suspensiuio the silk channel of maize ears (Eller
et al. 2008). The other technique encourages fusgay into kernel wounds by injecting a
conidial suspension into artificially wounded kdmgChunguet al. 1996). Husk penetration
(kernel wounding) mimics natural inoculation byens and silk channel injection mimics
spores splashed onto silks by rain, or carried ingwlow (Eller et al. 2008). With the silk
channel inoculation, the infection first proceedsvd the silk to the kernels, whereas in the
other technique infection results in the spreadthef fungus from infected kernels to
neighboring kernels (Mesterhdzy et al. 20I2)mparison of different inoculation methods
indicated that penetrating husks with pin bars iajetting inoculum down the silk channel
were best able to discriminate different levelsasistance to fungal infection and fumonisin
accumulation (Chungat al. 1996; Clements et al. 2003). Silk infectisrthe predominant

pathway for kernel infection; therefore, artificsilk inoculation might be the appropriate
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method for evaluating genetic resistance Roverticillioides infection and fumonisin

accumulation (Mesterhézy et al. 2012).

1.9.2 Biological control methods

Biological control is a sustainable solution foamti disease control, since its effect is long-
term with few undesirable side effects compared diher pest control options
(Bandyopadhyaet al. 2003; Vinaleet al. 2008). Several fungal and bacterial straese
been identified as biological control agents ofhpleathogens. Bacterial strains belonging to
Bacillus, Agrobacterium, Pseudomonas, and Streptomyces, and fungi in the genera
Trichoderma and Gliocladium are widely used biocontrol agents for the contbplant
pathogens (Pereiet al. 2010; Vinalet al. 2008)Trichoder ma species are the most common
fungal biocontrol agents that have been studied,thaey are deployed in several countries
for the control of plant pathogens. Promising calmaf fumonisin producingr. verticillioides
have been reported in several studies, using ditefrichoderma spp. includingT.
harzianum, T. pseudokoningii andT. atroviride (Bandyopadhyagt al. 2003; Chandra Nayaka
et al. 2010; Ferriget al. 2014; Sempere and Santamarina 2009). Tlagamstic effects of
Trichoderma spp. against plant pathogenic fungi are througlersé mechanisms, including
production of volatile and non-volitile antibiotits suppress target pathogeosmpetition
for space and nutrients, hyperparasitism and ptaztuof lytic enzymes that result in killing
of the pathogen (Howell 2003; Vinale et al. 20@)meTrichoderma stains can also reduce
damage from biotic and abiotic stresses by prorgofilant growth, or by inducing host
resistance (Mastouet al. 2010; Vinale et al. 2008).

Endophytic bacterial strains suchBaxillus amyloliquefaciens andEnter obacter hormaechei
have been observed to provide good contrdi.oferticilloides and fumonisin (Pereirat al.
2010). Some bacterial strairSpfingopyxis sp.) isolated from soil are capable of removing
mycotoxins during digestion by enzymatic detoxifica. This process is recognized as
biotransformation, and the commercial prodatiMzyme is capable of degrading kBhto

non-toxic form (HFB) in the gastrointenal tract of animals (Heinl e2810).

1.9.3 Cultural practices
Cultural practices employed for the control Bfisarium infections and mycotoxin
contamination are directly related to the epideouwl of the pathogen. SeveFeisarium

infection in maize is usually associated with contius maize monocropping or growing
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maize in short rotations with wheat and vice vétla other way round) (Munkvold 2003).
Repeated planting of maize and other cereal cnoghe same field may favdfusarium
infection by increasing the fungal inoculum (Fandolet al. 2004). Since the sources of
inoculums are infected seed, soil, and crop residuenagement practices based on crop
rotation with non-host crops and reduction of ilaouusing tillage practices are among the
tactics used for mycotoxin management (Munkvold 30Management of infected crop
debris can reduce the inoclum in subsequent seasiiagie hides the inoculum in infected
residue and prevents splash dispersal, enhancemgesition, and thus reduces survival of
the inoculum (Leplat et al. 2013). Increased furamncontamination has been associated
with delayed harvest, due to late-season raindy Earvest may help reduce the level of
fumonisin contamination, in years conducive for @msin contamination (Cao et al. 2014;
Munkvold 2003).

Creating suitable growing condition or avoidingess factors for the plant are strategies to
reduce fungal infectiorzusarium verticillioides causes little damage to kernels and produces
little fumonisin under good growing conditions the maize plant (Pigt al. 2013), whereas
stress conditions usually enhance fungal infeciiod fumonisin contamination (Picot et al.
2010). Fusarium ear rot development and fumonsisin contaminatioe aggravated by
drought condition (Miller 2001; Parsons and Munki@010). Thus, agricultural practices
minimizing water stress such as farm moisture cmasi®n and supplementary irrigation may
reduce the problem. Insect damage is the most taapifiactor that promotes fungus infection
and fumonisin contamination of maize kernels (Mi®01; Parsons and Munkvold 2010).
Therefore, emphasis should be given to culturattpres for insect management. Control of
ear feeding insects using insecticide applicatrmhraanipulation of sowing date significantly
reduceFusarium infection and fumonisin contamination (Blandieal. 2009). Appropriate
drying of grains before storage is also an imparfactor in determining post-harvest fungus
infection and fumonisin contamination (Cao et 8l12). Storing grains at low moisture level
below 15 % reduces fungal contaminatiéiusarium species cannot grow well when the
water activity (&) is below 0.9, and fumonisin synthesis stops d&wareels are dried (Piét

al. 2013).
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2.0 Thethess

This thesis focuses dn verticillioides and fumonisin management in maize in Ethiopia and
consists of five manuscripts referred to as papeYlin the text, which are developed based
on data generated from field surveys, laboratorglyeis and field experiments. Briefly,
project justification, methods, main results andcdssions, conclusions and future
perspectives are described in the sections belogtail® of methodology, results and

discussion can be found in the individual papers.

2.1 Project justification

Ear rots caused by variofsisarium speciesare among the most common fungal diseases of
maize worldwide, including in Ethiopia (Ayalew 2QX0zmebor et al. 2015; Leysdadrigal

et al. 2015; Logrieco et al. 2002; Stumpf et allZOWhen disease severity is high, yield
losses can be substantial, and grain quality m#srideate (Presello et al. 2008; Vigier et al.
1997). However, the main problem with maize eadrs¢ases is the contamination of grains
with mycotoxins, which may seriously affect the Itieaf humans and domestic animals
(Marin et al. 2013; Reddy et al. 2010; ¥eewicz et al. 2012). The mycotoxins known as
fumonisins are the most common contaminants of engirticularly when grown in warmer
regions (Marin et al. 2013; Picot et al. 2010;8@awicz et al. 2012)}-usarium verticillioides

is the dominant species in tropical and subtropmalze growing environments, and the
fungus is responsible for fumonisin contaminatiémmaize kernels (Das 2014; Logrieco et
al. 2002; Mesterhazy et al. 2012; Picot et al. 20MstF. verticillioides strains are capable
of producing fumonisin in maize kernels, but theoamt of toxin production differs among
isolates (Atukwase et al. 2012; Covarelli et alLl20 Heavily contaminated grain may cause
significant economic losses to farmers, becausevahee of the produce is reduced in the

marketplace, or heavily infected grains have talisearded.

The distribution, species composition and predomgraof Fusarium species as well as
fumonisin contamination in maize grains greatlyyvar different maize growing areas and
between years (Dorn et al. 2011; Goertz et al. 280mpf et al. 2013). These variations in
natural occurrence are mainly due to differencegnmironmental conditions, primarily
temperature and precipitations prevailing in thézemgrowing areas (Cao et al. 2014; Doohan
et al. 2003; Picot et al. 2010). Agronomic pradjdacluding cropping system and tillage,

can also influence the occurrenceFRafsarium species, as infected crop debris on the soil
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surface support their saprotrophic survival andsanace of inoculum for succeeding plants
(Cotton and Mulkvold 1998; Munkvold 2003; Leplaia#t2013). Drought and insect damage
are the most important factors in determining ikk of Fusarium infection and fumonisin

contamination of maize grains (Miller 2001; Parsmd Munkvold 2010a).

In Ethiopia, as detailed studies are very limitiesy publications are available regarding the
incidence ofFusarium spp. in the country. These surveys indicated Fhagrticillioides is

the most prevalent pathogen on maize kernels (Ay2@&10; Wubet and Abate 2004). Very
little is known about the species composition anelvalence ofusarium spp. as well as
fumonisin contamination levels on maize grains éwesal maize growing agroecological
zones of Ethiopia. The environmental conditions eaeable within short distance in a
geographic region in Ethiopia. The agroecologicaiditions may determine the cropping
system and the occurrencefadsarium species. Knowledge regarding the composition and
prevalence ofFusarium spp. infecting maize in a particular geographar@a are basis for
the design of management strategies. This infoonasi needed in targeting the predominant
pathogen species in the target environment in otdereduce the risk of mycotoxin
contamination in food and feed. Information is dkstking with respect to genetic variation,
aggressiveness and fumonisin-producing abilitiF.oferticillioides isolates in Ethiopia. The
levels and distribution of genetic variation withgathogen species may affect the evolution
of the species and host plant resistance (McDaaddLinde 2002). Pathogen diversity may
determine the dynamics of disease. Therefore, dpwent of appropriate disease
management strategies requires thorough understaradi the most prevalent pathogen,

details of the pathogen biology and the factordileato epidemics.

Effective management of the disease in the fieldssential, to reduce losses and potential
health hazards associated with consumption of fusiogontaminated grains. Currently,
there is no sole effective measure available fortrob of F. verticillioides and fumonisin
contamination, but there is a need to develop gpjat® integrated disease management
strategies. Chemical control is often ineffectigetae fungus can transmit vertically from
infected seed or soil into the plant tissue (Baebral. 2008; Mesterhazy et al. 2012).
Dependence on chemical pesticides may lead to alewvent of new variants of pathogen
resistant to fungicides. Moreover, the use of faiulgs is controversial because of public
concern about residues, which may have undesisiiee effect on the environment and

human health. Cultural methods such as physiagabval of infected plant debris, crop

20



rotation, tillage and manipulation of planting timey reduce the disease to some extent.
These methods do not provide sufficient controtause, the pathogen inoculum is abundant
in nature and dispersed by several means (Fandsthan 2004; Munkvold 2003). Genetic
resistance and biological control should form thsib for sustainable and environmentally
friendly management d¥. verticillioides and fumonisin contamination of grains. Studies in
other countries reveald that genetic variatiorrésistance t&usarium ear rot and fumonisin
contamination exsists in maize genotypes (Elleal.e2008; Loffler et al. 2010; Santiago et
al. 2013; Small et al. 2012). Efforts must contitm@entify maize genotypes with acceptable
sources of resistance to the pathogen and fumomiscumulation. In Ethiopia, little
information is available regarding the resistamsel of maize genotypes Fusarium ear rot
and fumonisin contamination. Resistance levelxistmg maize cultivars commonly grown
in the country are not known. Because, the maizéetyadevelopment program mainly
focuses on total yield, with little attention tcsdase resistance. ControlFofverticillioides

in maize is challenging, especially when the fungusws systemically inside the plant
system as endophyte. The use of biocontrol agentd be a promising strategy for managing
such type of infection. The filamentous fungus geiitichoderma is one of the major
biocontrol agents getting attention due to its Ipldt action to suppress soilborne and
seedborne pathogens in various crdpeerefore, it would be curucial to check for nalyra
occurringTrichoderma species isolates and assess their ability to clhie F. verticillioides

pathogen. The present study was carried out withdhowing aims:

2.2 Study objectives
The overall objective of the present study wasenegate knowledge aboBusarium and

fumonisinin maize in Ethiopia, thereby to reduce yield Iesard improve food safety.

The specific objectives of the present study were:

I.  To identify Fusarium species associated with maize kernels from difteraajor
growing areas of Ethiopia, to assess fumonisinamiration levels, and to try to
elucidate the effect of different climatic condit® on the fungal infection and
fumonisin contamination level.

II. To assess genetic variation amdngverticillioides isolates, collected from major

maize growing areas present in four different gaplical regions of Ethiopia, and to
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estimate the genetic differentiation within andiestn thesé€-. verticillioides isolates
from different regions.

[ll.  To determine fumonisin production ability by a ealiion ofF. verticillioides isolates
associated with kernels of maize produced in difieragroecological conditions in
Ethiopian.

IV.  To assess differences in Ethiopian maize cultif@rsesistance t&. verticillioides
infection and fumonisin accumulation after artiicinoculation, and to select maize
cultivars with good level of resistance.

V. To evaluate the antagonistic potential of nafivechoderma species in suppressing
the growth ofF. verticillioides underin vitro assays, as well as to evaluate the
effectiveness of selectddichoderma species isolateas biocontrol agents to reduce
F. verticillioides colonization and fumonisin contamination of majzains following

seed biopriming under field conditions.

2.3 Materials and methods

All survey work and field experimentation were cantkd in Ethiopia (trials in Mekelle
University), while laboratory activities such asceunjogical studies, molecular analyses, and
fumonisin analysis were performed at the Norwediastitute of Bioeconomy Research,
Norway between 2012 and 2015.

Maize grains sample collection and mycological analysis. Post-harvest maize grain
samples were collected during July to August of2@bm 20 different major maize growing
areas, which belong to seven different agroecoddgiones of Ethiopia (Paper | and IlI).
Totally 200 maize grain samples (10 samples frooh eaea), with nearly 1 kg sample size
were collected randomly from each sampling sitdwitarea. For isolation and enumeration
of fungal species, maize kernels were surface-sterilizeitigus % sodium hypochlorite
(NaOCiI) solution, and five kernels were plated etrigdishes containing a modified Czapek-
Dox Iprodione Dichloran Agar (CZPD) as used by ltaisen et al. (2006fusarium species
were identified, mainly based on morphological eleégrs according to the procedures
described by Leslie and Summerell (2006). Sequerafithe translation elongation factor 1-
alpha(EF-1a) gene region was accomplished as described by @iBlbet al. (1998) and
Geiser et al. (2004) for representative isolatespéP I) to support the morphological

identification.
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Fumonisin analysis. In all cases, fumonisin was extracted using 70 %hare| with a shaker
(2000 rpm) for 3 min. The extracts were filterebtigh a Whatman no. 1 filter paper and the
filtrate collected for assessment. The concentmatibtotal fumonisin in the extracts was
quantified using a competitive Enzyme Linked Immsorbent Assay (ELISA) kits
(RIDASCREEN® Fumonisin, R-Biopharm AG, Darmstadt, Germany), aditg to the
manufacturer’s procedures (Papers |, lll, IV and W)e absorbance was measured using a
microplate reader at 450-nm, and fumonisin conegiotm of samples were evaluated using
RIDAPSOFT Win software (Art. Nr. Z9999, R-Biopharm AGainstadt, Germany). The
minimum detection limit of the kit was 0.025 mg¥and all samples were run in duplicate

wells.

DNA extraction and AFLP analysis. For all molecular analyses (paper | and 1l) DNAsw
extracted using the DNeasy Plant Mini Kit (QIAGEBAgcording to the guidelines of the
manufacturer. Amplified Fragment Length Polymorphi§AFLP) was used to study the
genetic variation among 8B. verticillioides isolates associated with kernels of maize,
representing four geographic regions, (SouthernyttBwestern, Central-western and
Northern), of Ethiopia. The AFLP procedure wad@aned according to Vos et al. (1995),
as modified by Leslie and Summerell (2006), usimg different EcoRI/Msel primer
combinations (Paper IlI). FAM-dye labeldetoRI primers was used for the selective
amplification. The fragments were separated in @I3&%30 DNA Analyser (Applied
Biosystems, USA) and analysed using GeneMapper(¥pplied Biosystems, USA). AFLP
fragments were scored manually, with 1 = preseffiteeoband and 0 = absence of the band.
Clustering and dendrogram construction were peréorin NTSYS-pc version 2.2 (Exeter
Biological Software, Setauket, NY, USA) softwareckage (Rohlf 2005) using the
Unweighted Pair Group Method with Arithmetic AveeaUPGMA) (Sneath and Sokal
1973). Principal coordinate analysis (PCO) was aflsed to detect clustering among the
verticillioides isolates. Analysis of molecular variance (AMOVAsvcarried out in order to
estimate the genetic variation within and betwesetates from different geographic regions,

using the Arlequin software package version 3.G¢fier et al. 2005).

Determination of in vitro fumonisin production ability by F. verticillioides isolates.
Fumonisin production ability thE. verticillioides isolates was determined, using autoclaved
maize kernels as cultivation mediufusarium verticillioides isolates used for this study

were obtained from kernels of maize grown in défgragroecological zones of Ethiopia. The
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F. verticillioidesisolates were grown on Mung Bean Agar for congt@duction (Dill-Macky
2003). Conidial suspension of the differénverticillioides isolates were prepared by adding
sterile distilled water and a concentration of ¢6nidia mL* was prepared. For preparation
of the cultivation medium, 100 g maize kernels 408 mL of sterile water in 500 mL glass
jars were autoclaved at 121°C for one hour on thmesecutive days (Vismer et al. 2004).
The conidial suspensions were inoculated into thiecaved maize cultures in the 500 mL
glass jars (Fig. 5), and the culture materials viecabated in the dark for 4 weeks at 25 °C.
After four weeks of incubation, the culture matkrieere dried, finely ground to powder

using a laboratory mill, and the fumonisin contelats quantified (Paper III).

Fig. 5 Partial view of culture growing condition of tlke verticillioides isolates on maize
cultures in 500 ml size marmalade glass jars. Clos& showing maize kernels totally
colonized by mycelial growth of &. verticillioides isolate (A), and jars placed inside an

incubator (B).

Field experiments for management of F. verticillioides and fumonisin contamination
Evaluation of maize cultivars. Resistance t&usariumear rot and fumonisin contamination,
caused by. verticillioides, was studied on 15 maize cultivars, at Mekelleithern Ethiopia.
Inoculum was produced fromFa verticillioides isolate (SR-6952), which was obtained from
a naturally infected maize kernel. The isolate #eshighest fumonisin producer undar
vitro testing (Paper Ill). Primary ears of ten maizenfdaper plot were inoculated with
conidial suspension (£6pores mt!) through the silk channel at the §owth stage. At crop
harvestFusarium ear rot severity was assessed by estimating tleep@ge (0 - 100 %) of
each ear surface covered by visible symptoms @fdlimfection such as rots, discolorations
and white mycelial growth on kernels (Loffler et 2010; Small et al. 2012). One hundred

gram of maize kernel samples from the inoculated ebeach plot were finely grinded using
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a laboratory mill (IKA’-Werke, GmbH & Co. KG., Germany) and analysed fondnisin
content (Paper V).

Biocontrol potential of native Trichoderma species isolates. The biocontrol potentials of
native Trichoderma species were evaluated agaitst verticillioides. The antagonistic
potentials ofTrichoderma spp. isolates were initially assessed unigeritro condition,
following the dual culture method (Paper V). Thethgerforming isolates, in terms of overall
antagonistic potential against the pathogen urtemtvitro testing, were selected. These
selectedlrichoderma isolates were evaluated under field conditionttieir ability to reduce

F. verticillioides colonization and fumonisin contamination of maizgrels. For the field
trial, maize seeds were bioprimed with spore susipan(13 spore mt!) of the different
Trichoderma spp. isolates before planting, and a spore suspewns$ theF. verticillioides
pathogen with the same concentration was appliedaotoclaved maize seeds separately.
Finally, three autoclaved seeds colonized Wthverticilloides, and two viable maize seeds
treated with thelrichoderma isolates were placed closely together per plartitign the
field. Seeds, treated with Apron Star fungiciderevcluded in the treatments as positive
control. Seeds soaked in sterile water without hiojogical control agent, but planted
together with thd-. verticillioides-colonized autoclaved seeds, were used as fungaioto

In the field, agronomic parameters, such as getimimagercentage and seedling vigor index,
were measured to observe the influencé&rathoderma species on plant growth. After crop
harvest, 200 maize kernels were taken randomly #aoh plot and used for assessment of
fungal contamination levels using the deep-freelpttdy method (ISTA 2003; Paper V).
Subsamples of maize kernels (100 g) from eachy@ot finely milled and used for fumonisin

analysis.

Climatic and agroecological data collection. Weather information, such as daily rainfall,
relative humidity, minimum and maximum temperatiarethe experimental place (Papers IV
and V) and for the maize grain sample collectidgess{Papers |) were obtained from the
Ethiopian Meteorological Agency weather stationssebt to the experimental sites.
Information on agroecological zone classificatidih@ maize grain sample collecting areas
(Papers | and Ill) were obtained from the EthiopMmistry of Agriculture and Rural

Development.
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Statistical analysis. Differences in occurrence &lusarium spp., fumonisin concentrations,
proportion of fungal contaminated kernels per @@ fumonisin production ability of the
verticillioides isolates were compared using the non-parametricskéltMWallis one-way
ANOVA using SPSS version 22 (IBM SPSS statistics&#cago, lllinois) (Paper | and III).
One sample T-test was used to compare the meannfsimoproduction between the
EthiopianF. verticillioidesisolates and the South African reference isolatR(Qd26) (Paper
[Il). Descriptive statistical analyses were emplbye summarize data on occurrence of
Fusarium spp. and fumonisin levels per study area and agtogical zones. For field
experiments, data were subjected to analysis aavee (ANOVA) using the procedure of
Statistical Analysis System (SAS) software (SAStiinte, Cary, NC) (Paper IV and V).
Differences between treatment means were compasitg uFisher's protected least
significant difference test (LSD) with P < 0.05 éé\wof significance. Where appropriate,
regression and correlation analysis were conduoteédtermine the relationship between the

independent and dependent variables (Paper | [I\and

2.4 Main resultsand discussion

Natural occurrence of Fusarium species and fumonisin on maize kernels in Ethiopia.
Mycological analysis showed a wide range of vasiatn percentage of kernels contaminated
with fungi among maize samples (16 - 68 %). On ager 38 % kernels of maize were
contaminated by different fungal species includiofy Fusarium species,Aspergillus,
Penicillium, Stonecarpella, Acremonium, Mucor and Rhizopous. The incidence of these
fungal agents on maize kernels were ranged 33%%, with the highest relative prevalence

of Fusarium species and the least feinizopous.

Eleven differentFusarium species were identified in association with kesnel maize
produced in various maize growing areas of Ethidpisarium verticillioides was the most
frequently isolated species, followed by thegraminearum species complex (mainll.
boothii). Fusarium pseudoanthophilum, F. oxysporum, F. incarnatum, F. brevicatenulatum
andF. temperatum were also commonly isolated, in descending ordigrevalence (13.4 -
2.8 %).Fusarium equiseti, F. subglutinans, F. lacertarum andFusarium sp. were isolated in
minor abundance, with eaghl % of the total number d¢fusarium isolates recovered from
the maize kernels (Paper I). The diversityrakarium spp. contaminating maize kernels in
this study was high, compared to previous repdsiew 2010; Wubet and Abate 2004).
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This could be due to yearly variations in weathemditions that may influence the growth
and survival ofFusarium species. Dorn et al. (2011) and Goertz et al. 20&ve reported
high year-to-year variability in the incidencefafsarium spp. and mycotoxin contamination
levels in maize in Switzerland and Germany, respelgt The other possible reason for the
detection of great number &fusarium species in the present study is that rawsarium
species might have been continuously introducirth miaize seeds from abroad via domestic
and international research institutions. In factag number of areas and agroecological zones
were surveyed in the present study compered tprigngous assessments. This might have
contributed to the observed high diversity Fafsarium species compared to the previous

limited surveys.

The species composition and prevalencEwshrium species varied greatly among different
maize growing areas and agroecological zones abfith(Paper I). We isolated a maximum
of eight differentFusarium species in samples from several maize growingsataa only
four species in other areas (PapelF)sarium species diversity was maximum in the tepid
humid and sub-humid mid-highland agroecological ezorfll species each); where as
Fusarium species diversity was least (six species) in themwsub-moist lowland$:usarium
verticillioides was isolated from samples collected in all arbas,jt was most prevalent in
areas and agroecological zones, which are chaizadepy lower elevation, warm and dry
conditions. TheF. graminearum species complex, the second most common fungal
contaminant on maize kernels of Ethiopia, was nmabendant in areas characterized by
higher elevation, low temperature and wetter camatt (Paper 1). This is in agreement with
earlier observations in other maize-growing aréasFk. graminearum flourishes in cooler
temperature and wetter conditions thawerticillioides (Dorn et al. 2011, Vigier et al. 1997;
Scauflaire et al. 2011).

Fumonisins were present in larger proportion (77d¥)he maize samples analysed, with
concentrations ranging from 2 kg'to 4500ug kg?!. These results are in accordance with
those reported by Ayalew (2010), who detected fusinin concentrations ranging from 300
to 2400 ug kg! in samples collected from areas in eastern antrateBthiopia. Total
fumonisin concentration in 7 % of the maize sampbeseeded 1000g kg?, the maximum
tolerable limit set by the European Union in maiziended for direct human consumption

(EC 2007). One sample had levels higher than 2ap8g?, the maximum tolerable limit
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recommended by the US Food and Drug Administrafiei»A) in food intended for direct
human consumption (FDA 2001). This presents afoskood safety. Fumonisins are faily
stable during food processing, and only a verytéohiamount of toxin content reduced by
fermentation and cooking (Marin et al. 2013; Shegled al. 2012).

Our results indicated that fungal and fumonisintaamnation level differed considerably
among samples collected from different areas amdeaglogical zones. Highest fungal
contamination and fumonisin concentrations wer@ngad in samples collected from the
warm and humid agroecological zones (PapePidpportion of kernels contaminated with
fungi was significantly correlated with the recaddelimatic data (temperature, relative
humidity and rainfall). Likewise, fumonisin concentrations in maize samplesre
significantly correlated with the recorded relatiieamidity and temperature data. These
results suggest the importance of environmentakofacin fungal and fumonisin
contamination of maize kernels. Environmental cbods related to decreased precipitation
and increased temperature during pollination haenlbreported as important conditions for
Fusariuminfection and fumonisin contamination of maizeigsan the field (Cao et al. 2014;
Goertz et al. 2010; Pascale et al. 2002; Shellay. d1994). This is because fungal infection
in maize ears mainly occurs during silking, andsged plants are more susceptible to fungal
infection (Fandohan et al. 2004; Picot et al. 20I®us, minimizing such stress factors for
the host plant in the field during such criticabgth stages may help to reduce fungal and
fumonisin contamination of grains. In addition, lageve observed great differences in fungal
and fumonisin contamination levels among sampldeaed from the same area. These
results suggest that local farm level factors, othan weather parameters, also have a strong
influence on the prevalence of fungal species amabhisin contamination. Differences in
agronomic practices including crop rotation, choidecultivars, insect pest management,
harvesting time and post-harvest grain drying jcastapplied by different maize growing
farmers, may have great impact on fungal and fusiemiontamination of maize kernels (Cao
et al. 2014; Fandohan et al. 2004; Logrieco €@02; Munkvold, 2003).

As results of this survey revealdd verticillioidesis the most predominant species associated
with kernels of maize produced in different agrdegiral conditions in Ethiopia. Thus,
efforts should target to management of this funggthogen. To achieve this goal, basic

knowledge related to genetic variation and toxiggrutential of the isolates is crucial.
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Genetic variation and fumonisin production ability in Fusarium verticillioides isolates
from kernels of maize produced in Ethiopia. The AFLP analysis indicated genotypic
variation among thé-. verticillioides entities in Ethiopia. Coefficients of dice simitgr
ranged from 0.46 to 0.96. No clonal isolates wes&ected, and eighty different AFLP-
genotypes were detected among all isolates ana(iPsaxbr 11). UPGMA clustering and PCO
analysis differentiated the isolates into two melsters, but no clear relationships were
detected betweerf. verticillioides isolates and their geographic origifrusarium
verticillioides isolates that produced the highest and lowest fusito concentrations under
in vitro testing were distributed among different gendtialarity groups in the dendrogram
and PCO plots.

TheF. verticillioidesisolates included in this study were characteriaebbw level of genetic
differentiation, weakly subdivided genetically, Wween geographical regions (Paper II).
Larger proportion of the genetic variation was ooed among isolates from the same
geographic region (98.5 %), while small variatiarcarred between isolates from different
geographic origin (1.5 %). This may be partly expda by the unrestricted seed exchange,
and consequently, high rate of gene flow or shammggenetic material between the
geographic regions. Gene flowan introduce new allels and maintain diversityhmt
populationsbut decreases genetic differentiation between @ojools, as alleles are being
exchanged (McDonald and Linde 2002). Novel allelsdpced by mutation in another
population might be introduced with infected seadd increase variation within isolates in
the same regions. It may also indicate dispersa@ntial of the strains. For example, long-
distance dispersal of inoculum, such as ascospuigesyindborne drifts may contribute to
mixing of the regional populations. Besides, sexualproduction could be an
epidemiologically significant contributor to thes@sved high level of genetic variationRn
verticillioides isolates within the same region. Sexual recomlonaihcreases genotypic
diversity, as it creates novel recombinants (Cumagal. 2009; Leslie and Summerell 2006).
Genetic diversity of a pathogen population to sategree also depends on the extent of
geographic scale considered in the analysis. Becaiselates collected from larger
geographic regions representing various agroeambgiones may display some levels of
genetic variation. In Ethiopia, altitude and agalegical conditions within the geographic
regions are very variable, and strains with distgenetic makeup may have evolved through
time, due to selection for alleles in the pathogepulation to adapt to a local niche. Results

of this study were in agreement with the previagsort by Reynoso et al. (2009) in Argentina,

29



who found high genotypic diversity but very low é&wof genetic differentiation betweén
verticillioides populations. Genotypic variation iR. verticillioides isolates have been
reported in other studies in Brazil (Rocha et @il D), Italy (Covarelli et al. 2012) and Iran
(Dehkordi et al. 2013).

Our study on toxigenic potential &% verticillioides isolates showed that all isolates tested
have the ability to synthesize detectable levelfufonisin on autoclaved maize kernels. A
wide range of differences in total fumonisin protilic ability was detected among isolates,
with concentrations from 0.25 to 38 mgkdn addition, high variation was noticed among
isolates collected from the same area and agrogicalozones (Paper Ill). This shows the
distribution of the highest fumonisin producikgverticillioides strains are not restricted to
specific geographic areas, but highest producersvadespread all over the maize growing
areas in EthiopiaThe detected differences in fumonisin productionlitghamong F.
verticillioides isolates could be primarily due to variation il thherent genetic makeup of
the isolates. Fumonisin production fn verticillioides isolates is regulated by fumonisin
biosynthetic geneFUM) cluster (Proctor et al. 2003; Sagaram et al. 2OB@culotied
sequence variation inside tHeUM gene cluster may explain variation in fumonisin
production inFusarium species (Spien et al. 2011)Several other gene$CC1, FCK1,
PAC1, ZFR, GBP1, GBB1, CPP1, AREA, FST1 andFVVEL1) that are not located in theJM
cluster are also known to regulate fumonisin bitisgsis (Picot et al. 2010; Sagaram et al.
2006). Additionally, several environmental factbesre been reported to influence fumonisin
production byF. verticillioides isolates (Cao et al. 2014; Marin et al. 1999; Patal. 2010;
Sagaram et al. 2006). If conditions are not idéed,fungus may not produce as much of the
toxin as its genetic potential. In this study, veed 100 g maize kernels per 500 mL jar for
cultivation of each isolate (Fig. 5). This cultugebstrate to container volume ratio is quite
high, and it may prevent the circulation of enoogiigen for the fungal growth in the interior
of the culture, which may negatively affect fumamibiosynthesis. Previous studies showed
reduced fungal growth and fumonisin production unabeygen limited culture conditions
(Keller et al. 1997; La Bars et al. 1994).

According to the criteria of Nelson et al. (19%l)F. verticillioidesisolates examined in this
study are low fumonisin producers (Paper Ill). Hoare a large number of thé.
verticillioidesisolates (57.5 %) tested produced fumonisin comagahs > 4 mg kg, which

is above the maximum tolerable limit set by thedparan Union in unprocessed maize (EC
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2007). The widespread existence of isolates wjbtantial to produce this much fumonisin,
presents the risk for food safety, taking into astdhatr. verticillioidesis the most common
pathogen on kernels of maize in Ethiopia (Papeille amount of fumonisin production
could raise when climatic condtions are more sietédy the fungus, with climate changes.
Climatic situations such as increased temperatncedrought may stress host plants and
favour growth of toxigeni€. verticillioides strains (Parsons and Munkvold 2010; Picot et al.
2010). Therefore, it is very important to preverttaduction of more toxigenic strains with
import of germplasms from abroad, as well as toettgy sound management practices
including implementation of good agricultural piaes in the field to reduce fumonisin

contamination of maize grains.

M anagement of Fusarium verticillioides and fumonisinsin maize in Ethiopia

Host plant resistance. Evaluation of Ethiopian maize cultivars for theisistance to
Fusarium ear rot and fumonisin accumulation after artifigiagoculation by a fumonisin
producerF. verticillioides strain showed the presence of a potential soufaesistance
(Paper 1IV). The maize cultivars tested exhibitephiicantly (p < 0.05) different reaction to
F. verticilloides infection and fumonisin accumulation. Among a# ttultivars tested, seven
cultivars displayed low ear rot disease severity anmonisin contamination over the two
years trial compared to others (Paper 1V). Fumanesiel recorded in these cultivars was 59
- 96 % lower compared to the susceptible line (NS€M881(32)), which indicates the
presence of potential resistance genes agd&inserticilloides infection and fumonisin
accumulation in the maize germplasms of Ethiopkas Was in line with previous studies in
other countries that have reported great variationgusarium ear rot and fumonisin
resistance among maize genotypes (Etel. 2008; Santiaget al. 2013; Small et al. 2012).
None of the 15 maize cultivars evaluated were cetepy free from fumonisin accumulation.
Eight of the maize cultivars exhibited high levélnoean ear rot severity (30 — 50 %) and
fumonisin content (29 — 58 mg Kpover the two years trial. From this, we can ustierd
that many high yielding maize cultivars, widely goin Ethiopia; do not possess satisfactory
levels of resistance te. verticillioides and fumonisin contamination. We have found greater
susceptibility in late maturing type of maize owdtis toFusarium ear rot and fumonisin

accumulation than early types (Paper 1V). Highesceptibility of late maturing maize

of Battilani et al. ( 2008) and Loffler et al. (21 The underlining reason was that grain

moisture content reduces slowly in such cultivarg, water availability plays an important
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role for fungal growth and development (Fandohamlet2004; Marin et al. 2004). The
extended period required to reach physiologicaunigtmay also aggravate the problem of
fumonisin accumulation on infected ears althougheseesistance to contamination is present
in late maturing verities (Battilani et al. 2008his is because fumonisin contamination in
maize kernels is a cumulative process; amount masease with the extended infection
period.

Fusarium ear rot severity and fumonisin contamination ofiza&ernels were significantly
influenced by year-usarium ear rot severity and fumonisin contamination onzean&ernels
were higher in first year (2013) compared to thmsd year (2014). This was due to variation
in weather factors towards the end of the growrasen. After the time of silking, through
the months of September to December, temperatusesteadily higher while precipitation
was lower in 2013 than 2014 (Paper IV). This shtivesoccurrence of more stressful weather
conditions for plant growth in 2013 than in 2014n@itions that result in plant stress favors
F. verticillioides infection and fumonisin accumulation (Cao et @14, Munkvold 2003;
Picot et al. 2010). Our results are in agreemetit thie findings of Pascal et al. (2002), who
have reported highest fumonisin contamination aseas characterized by high temperature
and low precipitation during the period of pollile Several other studies have reported that
Fusarium ear rot development and fumonisin contaminatioméaize are favored by warm,
dry or drought condition during early reproductstages (Miller et al. 1995; Shelby et al.
1994). These results suggest interaction betweérenganotypes and environmental factors
could be important in determining resistance Fasarium ear rot and fumonisin
contamination. Therefore, assessments aiming airob{) resistance maize cultivars could
be successful when evaluations will be performedsscyears or over multiple environmental
conditions.

Our results shows strong association betvaearium ear rot severity and fumonsin content.
This suggests that selection for resistancé-usarium ear rot may eventually result in
resistance to fumonisin contamination in maizergairhese results are in harmoney with
previous studies that detected strong associatetwden visible ear rot severity and
fumonisin content (Bolduan et al. 2009; Clementsalet2003; Robertson et al. 2006).
Therefore, it is sensible to make initial selectising visual rating of ear rot disease severity
to exclude cultivars accumulating high levels ahfwnisin, and further evaluating the selected

materials for fumonisin content to minimize the tc@ecause, visual ear rot rating is easier
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and less expensive, and large number of maize dasmg may be evaluated over different
locations or years. Generally, managemefit eerticillioides and fumonisin using host plant
resistant could be more effective if it could irmestg with other environmental friendly

controlling strategies such as using biologicaltcgragents.

Biological control using Trichoderma species. In Paper V in-vitro dual culture interaction
and field experiment using seed biopriming reve#had nativelrichoderma species isolates
have a promising potential to suppress growth-.oferticillioides and reduce fumonisin
contamination of maize kerneldnitial screening based on dual culture interactio
demonstrated different antagonistic potentialéhoderma species isolates. Radial growth
inhibition of theF. verticillioides isolate was as high as 54 % and 78 %, 4 days a&ys
after pairing, respectively. Ten days after incidrat either mycelial growth of thé&.
verticillioides isolate was confined to a limited territory, omids completely overgrown by
the mycelial of Trichoderma isolates that do parasitize the pathogen. Vanatian
antagonistic mechanisms were also noticed for m@iffeTrichoderma isolates, as there was
observable differences in the zone of inhibitioriobe contact as well as hyphal coiling
frequencies in the interaction region after contActobust zone of inhibition was observed
in some T. harzianum isolates, showing production of antimicrobial sabses for
suppressing growth of the pathogen. Several otdnibited coiling structures around the
hyphae of thd-. verticillioides isolate, which indicates the employment of hypeapiisim
for controlling growth of the pathogen. Among tH&Ttichoderma isolates evaluated under
in vitro, 11 isolates that have showed promising antagongility against theF.

verticillioides isolate were selected for field-testing.

Under field condition, a significantly greater fumigand fumonisin contamination was
obtained in maize kernels grown from seeds treatithd F. verticillioides alone (fungal
control) compared tdrichoderma-treated and fungicide-treated plots. In all trezits in
which Trichoderma isolates were involved, lower percentages of Keroentaminated with
fungi and decreased in fumonisin concentration wecerded compared to the control (Paper
V). Similar to thein vitro observation richoderma isolates demonstrated different degrees
of efficacy in controlling the~. verticillioides colonization (37.5 - 77.2 %) and fumonisin
contamination (46 - 89 %) of maize kernels over tihe years experimenirichoderma
hamatum isolates (Thm3, Thm6) andl harzianum (Thr2, Thr5) were the most effective in

reducing F. verticillioides colonization and fumonisin contamination of maikernels,
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compared to othéefrichoderma isolates. We have able to recover some ofTtiehoderma
isolates from kernels of maize after crop harvesigithe deep freeze blotter method (Fig. 6
C). These isolates were able to grow on maize keamindicated in Fig. 6 D, when plates
were incubated under alternating near UV/whiteriisgent light (12 h) and dark (12 h) for
additional days after colony emergence. This shtheseTrichoderma isolates can grow
systemically in the maize plant tissue and suppgeswth of the pathogen. Similar results
were reported in other studies demonstrating tegain strains ofirichoderma species are
the most effective antagonists in controllirgverticillioides (Chandra Nayaka et al. 2010;
Ferrigo et al. 2014; Sempere and Santamarina 206@hoder ma strains vary considerably
in their abilities to colonize roots of annual csppnd the most effective strains colonize the
roots and provide good protection of the crop eftald (Vinale et al. 2008). The antagonistic
mechanism ofTrichoderma species could be due to competition for space randents,
mycoparasitisim (driving nutrients from the host)to antibiosis by production of inhibitory
substances that are effective against the path@gamees et al. 2010; Howell 2003; Vinale
et al. 2008). A combination of the mechanisms may pn important role in a high level of

antagonism.

Fig. 6 Maize kernel fungal contamination assessed accordindhéodeep freeze blotter
method (Disinfection, incubation at room temperatiar 24 h followed by 24 h in -2TC
and 9 days in 12 h alternating cycles of near UWeviight and darkness). A: seeds plated in
18 cm diameter plate, BFusarium colony growing on maize kernel, C: colony of
Trichoderma isolate (Thr2) emerging from maize kernel afterveat and D: recovered
Trichoderma isolate (Thr2) growing on maize kernels and cdmg the whole plate

containing maize kernels after additional 15 ddyisaubation.
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Our results also revealed that seed treatmentwitihoderma species have various positive
effects on growth of the maize plant including emtiag speed of seed germination, boost
shoot length and seedling vigor index. This is @dittonal advantage, compared to other pest
management options such as use of pesticides, Viteghently causes phytotoxicity. The
use of such biocontrol agents is the best alterdbr sustainable management of seedborne
and soilborne pathogens includiRgverticillioides. Public concern associated with the use
of pesticides and the development of pathogemstraisistant to chemical pesticides can be

avoid by the use of biological control.

2.5 Conclusions and futur e per spectives

Conclusions

Based on evidences from the current study, maizenelke produced in different
agroecological conditions in Ethiopia contain aagdiversity ofFusarium species. A higher
diversity of Fusarium species occurs associated with maize kernels peatin different
maize-growing areas of Ethiopia compared to previmports. We have identified eleven
different Fusarium species, an&. verticillioides was the most dominarfEusarium species
composition and relative prevalence differed dependn maize growing areas and
agroecological conditions. A large proportion ofim@asamples contains fumonisin, but at
low concentrations, below the maximum tolerabletlidetermined by the European Union
in most cases. Fungal and fumonisin conaminatidierdd significantly among samples
collected from the same area, as well as betweemplsa from different areas and
agroecological zones. These variations desplayehgstrelationship with the prevailing

weather factors such as rainfall, relative humidityl temperature.

Fusarium verticillioides isolates in Ethiopia are generally characterizgthle occurrence of
little genetic variation between different geograpregions and high levels of variation
among isolates within the same region. Genetictily are genetically interlinked; therefore,
host plant resistance measures should concentratguantitative resistance, which is
effective against the entird=. verticillioides population. Fumonisin producing-.
verticillioides strains are widely distributed in the maize grayareas in Ethiopia, as &l

verticillioides isolates tested in this study are able to prodietectable levels of fumonisin.
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The widespread occurrence of fumonisin produéingerticillioides strains, in all the maize

growing areas of Ethiopia indicates the presenceskffor food safety.

Management of. verticillioides and fumonisin contamination in maize using host plant
resistance and biological control agents showenhiog resultsEthiopian maize cultivars
tested in this study possess different levels sistance td-usarium ear rot and fumonisin
contamination. However, this study identified maiedtivars with high level of resistance to
Fusarium ear rot and fumonisin contaminatiobate maturing maize cultivars are more
susceptible td-usarium ear rot and fumonisin contamination than earlyes/rowing the
most resistant cultivars might substantially rediwreonisin contamination of maize kernels
in areas whereg~usarium ear rot disease is most prevalefhe year of inoculation
significantly affectsFusarium ear rot severity and fumonisin contamination inizea
cultivars. A strong positive relationship existstviseen Fusarium ear rot severity and
fumonisin content in maize kernelgichoderma species isolates evaluated in this study have
a great potential to contrbl verticillioides and subsequently reduce fumonisin contamination
of maize kernels. Thes&ichoderma isolates may be useful biocontrol agents as iatqmart

of F. verticillioides and fumonisin management in maize in Ethiopia. Bhéagonistic
potential ofTrichoderma isolates differed and antagonistic activity was ctwaracteristic of

a species but that of a strain.

Futur e per spectives

The observed high levels of differences in samptékected from the same area suggestes,
farm level agricultural practices, other than clilméactors, are also important parameters in
determining fungal and fumonisin contamination dire kernels. Therefore, assessments
should be continued to analyse fungal and fumorgsintamination in relation to different
local agronomic practices. The occurrence of fusiandon majority of the maize samples
suggestes the risk posed for food safety shouldbeotinderestimated. Therefoer, efforts
should be made including implementation of goodcadfural practices to prevent fumonisin
contamination of maize in the field to minimize f&ential risk to health of consumers. The
amount of toxin production may be elevated wherdtons are most suitable for the fungus.
A variety of harmful mycotoxins other than fumonisespecially aflatoxins, deoxynivalenol,
nivalenol and zearalenone should also be considduture assessments, as widespread

prevalence of fungal species producing these myawavas observed.
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Future work is required to investigate the likedyuse underlying for the observed high levels
of variation within isolates of the same region litie differentiation between isolates from
different geographic regions. Investigations on élxeent of sexual reproduction in tke
verticillioides of Ethiopia could increase our understanding iratreh with the observed
genetic variation. The study on fumonisin productability of F. verticillioides isolates
should resume, considering optimum substrate antowdlume of container for cultivation
of the fungus as well as testing using a differeaize cultivar, as there is often isolate by
cultivar interaction and nutrional composition dfetsubstate is essential for fumonisin

production.

The resistance level of high yielding, late matgrmaize cultivars, should be improved by
introducing alleles from the resistance germpladResistance level of the different maize
cultivars currently grown in Ethiopia is not welidwn. Thus, further evaluation is important
by including broad maize collections to increagedhances for selecting maize material with
higher resistance levels and develop cultivars aitbeptable level of toxin contamination.
Evaluations aiming at obtaining resistance maizétivews could be effective when

assessments performed over multiple years or diffeznvironmental conditions, since the
year of inoculation in this study influencdeusarium ear rot severity and fumonisin

contamination levels.

Further studies need to focus to develop technifpreshass multiplication, and to achieve
appropriate formulations and delivery systems eflikst performingrichoderma isolates
for management df. verticillioides and fumonisin. In the meantime, further investigasi
should be performed to better understand the mésrharof action th@richoderma isolates
used to suppress growth of the pathogen and tha tbyroduces. The performance of
Trichoderma species may also vary with environmental and ego#b conditions. Therefore,
it is important to evaluate their performance aweilttiple environmental conditions and their

possible synergy with other chemicals used in adiimg the pathogen.
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Abstract

Fusarium species causing maize kernel rot are major threatsaize production due to
reduction in yield as well as contamination of lesnby mycotoxins that poses a health risk
to humans and animals. Two-hundred maize kernepkeancollected from 20 major maize
growing areas in Ethiopia were analysed for thetithe species composition and prevalence
of Fusarium species and fumonisin contamination. On avera@é&p3range: 16 to 68 %) of
maize kernels were found to be contaminated byeuwdfft fungal species. Total of eleven
Fusarium spp. were identified based on morphological charatics and by sequencing the
partial region of translation elongation factorlfpke EF-1a) gene Fusarium verticillioides
was the dominant species associated with maizele{#2 %), followed by¥. graminearum
species complex (22.5 %) aRdpseudoanthophilium (13.4 %). The species composition and
prevalence ofFusarium species differed among the areas investigdtedarium species
composition was as many as eight and as few adri@ame growing area. The majority of
the maize samples (77 %) were found positive fordaoisin with concentrations ranging from
25 ug kg? to 4500ug kg! (mean: 3481g kg'and median: 2589 kg?). Slight variation in
fumonisin concentration was also observed amorgsaf@verall results indicate widespread
occurrence of sever&lusarium species and contamination by fumonisin mycotoXiiese
findings are useful for intervention measures thuce the impact of the main fungal species
and their associated mycotoxins by creating awasrend implementation of good

agricultural practices.

Keywords: Fusarium spp., Maize, Ear rot, Fumonisin, Ethiopia



I ntroduction

Maize ea mays L.) is the most important crop in Ethiopia, cudtied in all parts of the
country and in different environmental conditio@SA 2013; Geleti et al. 2011). In 2013/14,
the total maize production in the country was 6n@iflion tons harvested from nearly 2
million hectares of land, and this is 26.3 % of thi&l grain production in the country (CSA
2013). Almost all maize grains produced in Ethidpiased for direct human food, while the
crop residues plays an important role in termsnifnal feed (Geleti et al. 2011Fusarium
species are the most common fungal pathogens afemegsponsible for various diseases
including seedling blight, stalk rot and ear robgkieco et al. 2002). Ear rot disease caused
by manyFusarium species is a major production constraint of m#izeughout the world,
including Ethiopia (Ayalew 2010)-usarium spp. cause two distinct types of ear rots in
maize, which are recognized @gbberella ear rot andrusarium ear rot (Mesterhazy et al.
2012). Fusarium ear rot is caused primarily by. verticillioides (Sacc.) NirenbergF.
proliferatum (Matsush.) Nirenberg, arkd subglutinans (Wollenw. & Reinking) P.E. Nelson,
Toussoun and Marasas, whitegraminearum (Schwabe)F. culmorum (Wm.G. Sm.) Sacc.,

F. cerealis (Cooke) Sacc. and. avenaceum (Fr.) Sacc. are the main species causing
Gibberella ear rot in maize (Logrieco et al. 2002; Mesterhéizgl. 2012; Munkvold 2003).
Infection of maize byrusarium spp. may occasionally cause considerable losggsiimyield
and quality deterioration (Logrieco et al. 2002gir et al. 1997), but more importantly
grains harvested from infected ears may resultjioatoxin contamination (Mesterhazy et al.
2012; Munkvold 2003). Sonfeusarium spp. can also grow in the plant tissue withousoay
any visible symptom of infection, but kernels mayntin mycotoxins, in trace amounts
(Mesterhazy et al. 2012; Munkvold 2003). Mycotexare poisonous secondary metabolites,
produced by certain fungal species includtugarium spp., which are harmful to both human
and animal health (Reddy et al. 201@ibberella ear rot disease frequently leads to
contamination with deoxynivalenol, nivalenol andamdenone mycotoxins whereas
Fusarium ear rot leads to accumulation of fumonisins (Legoi et al. 2002; Mesterhazy et al.
2012). Mycotoxin contaminated commodities may hected in the market and contribute to

further economic losses to growers @§kiawicz et al. 2012).

The fumonisins are the most common contaminantsnaize-based foods and feeds
throughout the world (Picot et al. 2010; Reddy le2810; Sundheim and Tsehaye 2015).

Maize is contaminated more frequently with high amts of fumonisin than any other crop

3



(Sundheim and Tsehaye 2015; #awicz et al. 2012). Although sevefalisarium species
can produce fumonising,. verticillioides is considered the primary causeRefsarium ear

rot and fumonisin contamination in maize in theptcal and sub-tropical environments
(Logrieco et al. 2002; Picot et al. 2010; Sundheind Tsehaye 2015). The presence of
fumonisins in grains is a serious threat becaussmittause several health disorders in humans
and domestic animals (Wdewicz et al. 2012). Consumption of fumonisin @ntnated
feed causes leucoencephalomalacia in horses (Kellet al. 1990), and pulmonary edema
and hydrothorax in pigs (Harrison et al. 1990). Buaisins are also nephrotoxic, hepatotoxic
and hepatocarcinogenic in laboratory animals sushrads (Gelderblom et al. 1996).
Furthermore, dietary exposure to fumonisin Has been associated with elevated human
esophageal cancer incidence (Sydenham et al. 1®9®)neural tube defect in humans
(Missmer et al. 2006).

High level of maize ear and kernel infection byesaVFusarium species has been reported
in different parts of the globe (Goertz et al. 20MBube et al. 2011; Reyes-Velazquez et al.
2011; Vigier et al. 1997). The species composiéind frequency of occurrence of different
Fusarium spp. and fumonisin contamination varies greattywben different years and maize
growing areas (Dorn et al. 2011; Goertz et al. 20ddube et al. 2011). This may largely be
caused by unusual or stressful environmental camditduring growth and at the time of
harvest, primarily temperature and precipitatioDedhan et al. 2003; Picot et al. 2010).
Climatic situations such as reduced precipitatrmight) and the prevalence of ear infecting
insect pests often have a major influence on fusioncontamination of maize kernels
(Munkvold 2003) Fusarium ear rot is favored by warm and dry conditions,le/@ibberella

ear rot has been associated with cooler and wetather situation (Logrieco et al. 2002;
Munkvold 2003; Vigier et al. 1997). Agriculturalgmtices such as crop rotation and tillage
systems can also influence the occurrence and lpree of Fusarium species as infected
crop debris on the soil surface helps the suna¥&usarium spp. and serves as a source of

inoculum for infection of the next generation ofir@aplants (Munkvold 2003).

Growing resistant maize cultivars and implementatibgood agricultural practices including
insect pest management, may help to minirkizgriuminfection and subsequent mycotoxin
contamination (Mesterhazy et al. 2012; Munkvold 200 hus, monitoring the composition
and abundance dfusarium species causing ear rots of maize and comparewitfatthe

climatic conditions is vital to design managemérdtegies including breeding programs for
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resistance to the pathogens predominant in thettarovironment. Despite the importance of
maize in Ethiopian agriculture and the well-knowregt of mycotoxins to human and animal
health, and the legislated regulation of maximurneatable levels of mycotoxins (EU
commission 2006; FDA 2001), very little is knownoab the species composition and
prevalence ofusarium spp. as well as fumonisin contamination levelsnwaize kernels
produced in Ethiopia. The aim of the present stwés to identify Fusarium species
associated with maize kernels from different mgj@wing areas of Ethiopia, to assess their
fumonisin contamination levels, and to try to eflate the effect of different climatic

conditions on the fungal infection and fumonisimiomination level.

M aterials and methods

Sample collection areas and agr oecological zones

Twenty major maize growing areas were selectedamahd for collection of maize kernel
samples. According to the agroecological clasdificaof Ethiopia, the sample collection
areas (Fig. 1) were in seven major agroecologimaég; namely: tepid humid mid-highlands
(Hs), warm moist lowlands (l), tepid moist mid-highlands (§1 warm sub-moist lowlands
(SM2), cool sub-moist mid-highlands (SMwarm sub-humid lowlands (SHand tepid sub-
humid mid-highlands (S§). The general characteristics of these agroecmbgiones in
terms of elevation, annual rainfall, average termpge and major annual crops grown as
described by the Ministry of Agriculture and Rumakevelopment (MoARD 2005) are

summarized below (Table 1).

Collection of maize samples and related additional data

During July to August of 2012, a total of 200 makegnel samples were collected from 20
different major maize growing areas (districtsEihiopia, 10 samples from each area (Fig.
1). Maize samples were collected from smallholdemiers. Sampling sites within each area
were separated by at least 1 km and at most S5&kméach other. Nearly 1 kg of maize kernel
samples were collected randomly from each sampliegwithin each area and these samples
were in storage for 6 - 7 months. Daily maximum anshimum temperature, relative
humidity as well as rainfall data for the weathitiens closest to the sampling sites were

obtained from the Ethiopian Metrological Agency.ush climatic data stretching from
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seeding to harvesting (May to December 2011), dsasdor the storage period (January to
June 2012) were considered to include both thd &eld storage situation, respectively. The
duration from harvest to sampling (months of sterdigne), the seasonal average daily
temperature, relative humidity and seasonal t@tialfall for each area were as presented in
Table 1. Samples were labeled with proper idemifimy codes, placed in cloth bags to
prevent condensation that might promote fungal gnowGlobal positioning system (GPS)

co-ordinates and elevation were also recordeddht sampling site.

Table 1 Summary of characteristics of the agroecologicalesoof Ethiopia, from which
maize kernel samples were collected

Agroecological zones Elevation Temperature Annual Rainfall Major crops

(mas®  (:C)b (mm)®

Hs 1600 - 3000 17 -22.5 1800 - 2200 Co, M, W, RT
M2 400 - 2000 22.5-25 600 - 1400 SSMT

M3 1000 - 3600 17 -20 1000 - 1400 W, T, B, M, Pu
SM; 400-2000 20-25 600 - 1000 S,M, T,Fg

SMgy 2800 - 4000 15-20 600 - 1000 B, W, T, Pu

SH 400 -2000 22.5-27.5 1000 - 1800 S, M, Co

SHs 1000 - 3200 20-22.5 1400 - 1800 S M, W, Co, RT

a2masl= meters above sea levdhng-term (>30 years data) average temperature lang-
term (>30 years) annual rainfalCo: coffee, M: maize, T: teff, W: wheat, S: sorghun
barley, Fg: fingermillets, Pu: pulses, RT: rootsl amber crops (potato, sweet potato, yams,
ensete) (Source: MoARD, 2005)

Assessment of ker nel infection level, isolation and identification of Fusarium spp.

A total of 500 kernels per area (50 kernels perpdany site) were used for determination of
fungal infection level and isolation Bfisarium species. Maize kernels were surface sterilized
by soaking in 1 % sodium hypochlorite (NaOCI) swlatfor 2 min, rinsed twice in sterile
distilled water and dried briefly with sterile pagewels. Then kernels were transferred to
CZPD agar plates (a modified Czapek-Dox Iprodion&h@ran Agar) containing
propiconazole (0.375 mg¥) and fenpropimorph (1.125 mg?). instead of iprodione
(Halstensen et al. 2006). Plates, conaining fivedds each were incubated for 7 to 10 days



at 25 °C in the dark. The percentage of kernelsazomated with fungi was recorded by
counting the number of kernels from which internald contaminants grew (Leslie and
Summerell 2006). Colonies that appeared toFbsarium based on shape and color of
mycelium were transferred to Spezieller Narstofiarragar (SNA) (Nirenberg 1976), and
the identity ofFusarium species were confirmed by growing for 7 to 10 daty20 °C under
alternating near UV/white fluorescent light (12dn)d dark (12 h) (Leslie and Summerell
2006). Subsequently, single spore isolates weadrtdd by spreading serial dilutions of spore
suspension on water agar plates. After incubatfgulaies at room temperature (22 °C) for
16 - 20 h, a single germinating conidium was transfd to new SNA plates (Nirenberg 1976).
From this sub-culturing was made into potato desdragar (PDA, Difco, Madison, USA)
and carnation leaf agar (CLA) (Leslie and Summe&@(l6). These cultures containing single
spores were incubated for 2 - 6 weeks at 20 °C ualtiernating near UV/white fluorescent
light (12 h) and dark (12 h), before identificatiomhe identification oFusarium isolates to
species level was primarily achieved using morpdick and cultural characters as described
by Leslie and Summerell (2006).
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Fig. 1 Maize sample collection sites and agroecologioaks of Ethiopia.



Sequencing of the translation elongation factolpha(EF-1a) gene region was performed
on representative isolates (Table 3) to supportntbephological identification. This gene
have been used commonly for appropriate identiicadf Fusariumto species level, because
it occurs consistently as a single-copy in the gefusarium. It shows a high level of
sequence polymorphism among closely related spemies when compared to other genes
such as calmodulir-tubulin and histone k(Geiser et al. 2004). For DNA extraction, pure
cultures from single spores were grown on PDA (®ifdadison, USA) at 22 °C under white
light for 7 to 10 days and mycelium was scrapeanfrihe surface and ground in liquid
nitrogen using a mortar and pestle. DNA was extihasing DNeasy Plant Mini Kit (Qiagen)
according to manufacturer’s instructions. Hiela gene was amplified in PCR assay using
the primer pairs EF1 (5-ATGGGTAAGGAGGACAAGAC-3) dn EF2 (5-
GGAGGTACCAGTCATCATGTT-3') as described by O’Donnelet al. (1998).
Amplification reactions were done in volumes offi=ontaining 2.5 pl 10x PCR buffer (10
mM Tris-HCI; 50 mM CIK; 15 mM Mgd], pH 8.3), 2 pl dNTPs (2.5 mM), 0.5 pul of each
primer (50 uM), 0.125 pl AmpliTag DNA Polymerase{ful?) (Applied Biosystems, Foster
City, CA, USA) and 20 ng of template DNA. The arfipition conditions consisted of one
cycle of initial denaturation at 95 °C for 5 mirg 8ycles of denaturing at 94 °C for 50 s,
annealing at 53 °C for 50 s, extension at 72 °Clfarin, final extension at 72 °C for 7 min,
followed by cooling at 4 °C. Amplified products veesubmitted for sequencing to GATC
Biotech (Cologne, Germany). Sequence data wererddse and analysed using the CLC
Main Workbench software 6.9 (Aarhus, Denmark), aodsensus sequences were used to
search the most related sequences at the GenB&1t{National Centre for Biotechnology

Information) fttp:/blast.ncbi.nim.nih.gov/Blast.ggi and the Fusarium-ID database

(http://isolate.fusariumdb.org/index.php

Fumonisin analysis

From each sample, representative kernel sub-sanipl&sg kernels) were milled to fine
powder using the Micro plant grinding machine (TiaTaisite instrument Co., Ltd, China,
mesh size 1 mm) and stored at -20 °C. Samplestivaveed at room temperature (22 °C) for
13 - 14 hours before fumonisin extraction. Fumaenisas extracted from 10 g samples with
50 ml 70 % methanol on a shaker (1000 rpm) for B8.Mhe extract was filtered through a
Whatman no. 1 filter paper and the filtrate coketctor evaluation. The concentration of total

fumonisin in each sample was quantified using aptitive enzyme linked immunosorbent
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assay (ELISA) kits (RIDASCREENumonisin, R-Biopharm AG, Darmstadt, Germany)
according to the manufacturer’s instructions. ELIgAt kits were validated with maize

samples of known fumonisin content. Samples withdunisin concentration exceeding the
highest detection limit for the kit were dilutedtivithe extraction solvent, and the obtained
results were multiplied by the dilution factor. Akmples were run in duplicate wells, and the

lowest detection limit of the kit was 0.025 ppm.

Statistical analyses

Differences in occurrence dfusarium spp., fumonisin concentrations and proportion of
fungal contaminated kernels per area were compas@twy the non-parametric Kruskal-
Wallis one-way ANOVA. Fusarium spp. recorded on maize kernels per area and
agroecological zone were also calculated as a pege of the total number &fusarium
isolates per area and agro-ecology. Data on incelefFFusarium spp. on maize samples and
relative prevalence in the 20 maize growing areasevpooled to illustrate a countrywide
prevalence of the different species. Pearson’'setairon coefficients (Antkacami and
Rangaswamy 1995) were calculated to determine atagionship between kernel fungal
contamination levels, fumonisin concentrations #ire@occurrence dfusarium spp. as well
as seasonal mean daily temperature, relative htyradid seasonal total rainfall data for the
areas. For fumonisin concentrations, all sample® weluded in the analysis by replacing
half value of the minimum detection limit for sareplthat were below the detection limit.
Statistical analysis was performed using SPSSaei22 (IBM SPSS statistics 22, Chicago,

lllinois); and all test were performed at a protigiblevel of P = 0.05.

Results

Fungal contamination in maize kernel samples

Fungal contamination level, determinationtbh& species composition and prevalence of
Fusarium speciesvere analyseth a total of 10000 maize kerneB) kernels from each of
the 200 sample®n average, 38 % (range 16 to 68 %) of the mairecke werecontaminated
with several fungal species (Table 2). Among thegal contaminated kernels, about 33 %
were contaminated only biyusarium species, while, the rest was contaminated by @ne o

more of other fungi includingspergillus (29.9 %),Penicillium (17.4 %),Sonecarpella (12.7
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%), Acremonium (4 %), Mucor andRhizopous species (3.9 %). In some cases, more than one
fungus were observed on the kernels. The propodiitéernels contaminated by fungi varied
significantly (p < 0.039) among maize growing ardds highest mean fungal contamination
of kernels were observed in samples collected DDemlesa (45.2 %), followed by Agaro (43.6
%) and Jimma (42.6 %). Significantly lower fungahtamination were recorded from areas
with higher elevation and lower temperature (SMdich as Maichew (31.2 %) and Korem
(31.4 %) (Tables 1 and 2).

The proportion of kernels infected with fungi vatiglso substantially among samples within
areas. For example, kernel infection in samplelectald from the Agaro area varied from 30
% to 68 % (Table 2). When data on fungal contanonaof kernels were combined and
analysed according to agroecological conditiong.(&) the highest kernel contamination was
recorded in areas categorized as warm moist lowslght®) (43 %) followed by the tepid
humid mid-highlands (H3) (42 %). Kernel contaminativas lowest (31.3 %) in the cool sub-
moist mid-highlands (SM4) compared to the othepagological zones.
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Table 2 Levels of fungal contamination of maize kernelBemed in July 2012 from the May-December 201wgng season in different areas
belonging to seven agroecological zones in Ethiopia

@Agroecologica Area Altitude®  Rainfall d Relative Temperature (°C® Storage  Kernel infection (%

zones (masl) (mm)¢ humidity (%) 2011 2012 period Range Mean
(Month)f

Hs Bedele 201t 90¢ 63.C 18.5 19.C 6 28- 56 41.2 ab

Hs Jimma 1714 1000 67.4 22.5 22.5 6 28 - 62 42.6 abcd

M2 Dedesa 1560 915 63.4 235 23.8 7 32-60 45.2 a

M2 Kemissie 1450 684 61.3 22.5 23.0 7 28 - 58 40c8l ab

M3 Ambo 2150 774 55.6 18.0 18.3 6 24 - 48 38.0 abcde

M3 Dessie 2490 696 57.0 16.0 16.4 7 20 - 42 33.8de

M3 Gedo 2513 746 54.3 17.5 17.8 6 16 - 48 34.2 cde

M3 Hawassa 1716 884 65.0 22.5 22.7 6 26 - 50 39.8 abcd

SH, Gibe 120¢ 73¢ 63.4 24t 24.¢ 7 30- 60 41.2 abc

SHs Agarc 168¢ 1037 65.2 21.¢ 22.C 6 30- 68 43.6 al

SHs Alabe 195: 80¢ 61.7 19.C 20.C 6 24 - 56 36.8 bcd

SHs Bako 1743 709 61.0 19.7 20.0 6 26 - 52 36.8 bcde

SHs Nekemte 2100 986 61.2 20.0 20.2 6 26 - 58 38.0eabc

SHs Sire 1869 784 60.0 20.0 20.3 6 24 - 56 35.2 cde

SHs W/sedo 2046 872 66.2 22.0 22.4 6 26 - 60 41.0 abcd

SHs Ziway 1642 682 62.2 215 22.0 7 26 -54 36.2 bcde

SM2 Alamata 1524 537 57.0 21.0 22.0 7 26 - 46 38.&bcd

SM2 Melkassa 1550 588 54.2 20.0 20.6 7 22 - 48 36.4 bcde

SMy Koremr 249( 78C 56.C 16.C 16.5 6 18- 44 31.4¢

SMy Maichew 245( 75¢ 55.C 17.5 17.¢ 7 16- 46 31.2¢

aAgroecological zones- # Tepid humid mid-highlands; i Warm moist lowlands; M Tepid moist mid-highlands; SHWarm sub-humid

lowlands; SH: Tepid sub-humid mid-highlands; SMWarm sub-moist lowlands; and SMCool sub-moist mid-highlands (Source: MOARD
2005),elevation of a representative location for sampliection area¢ total rainfall for the period from seeding to hesting (May to December
2011)Y seasonal mean relative humidity for the storagog@dgJanuary - June 2012)seasonadverage daily temperature of sample collection
areas stretching from May to December 2011) andthi® storage period (January - June 2018yration (months) between crop harvest and
sampling; within columns, means followed by the edetter are not statistically different accordind-SD (0.05).
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Fig. 2 Fungal infection levels of maize kernels from eliint agroecological zones of
Ethiopia. Error bars represent standard error @niean2Agroecological zones- 34 Tepid
humid mid-highlands; M Warm moist lowlands; M Tepid moist mid-highlands; SH
Warm sub-humid lowlands; SHTepid sub-humid mid-highlands; SMWarm sub-moist
lowlands; and SM Cool sub-moist mid-highlands (Source: MoOARD 2Q0Bars indicate
standard error of the mean.

Identification of Fusarium species associated with maize kernels

A total of 1254Fusarium isolates were recovered and identified from theézenkernel
samples assessed. Microscopic analysis of morpiwalofgingal structures angF-1a gene
sequencing revealed the presence of eleven diffEresarium species associated with maize
kernels grown in different major maize growing a&@ Ethiopia.Fusarium verticillioides
was the most abundant species, representing 42tbe abtal number dfusarium isolates
recovered from the maize kernels, followedsgraminearum species complex (22.5 %,
pseudoanthophilum (13.4 %) and~. oxysporum (7.5 %) (Fig. 3).Fusarium incarnatum, F.
brevicatenulatum andF. temperatum were less frequent, constituting about 2.8 to 4.8f%
the Fusarium species isolated (Fig. Jjusarium equiseti, F. subglutinans andF. lacertarum
were among the rarely isolated speckas. isolates categorized as unidentifiagarium sp.

based on morphology, no good match was found ilNiiBl andFusarium ID databases.
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TheEF-1a gene sequences for tiigsarium sp. was most similar to isolates of thidberella

fujikuroi species complex with 93 % resemblance (Table 3).
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Fig. 3 Relative prevalence (%) &usarium spp. in maize kernels in Ethiopia in 2012. *sc:

Fusarium graminearum species complex mainhy. boothii.

Species composition and prevalence of Fusarium species in the major maize growing

ar eas and different agroecological zones of Ethiopia

The species composition and prevalencd=adarium species isolated in different areas
varied, as presented in Fig. 4. Eight differféasarium species were isolated from Korem and
Dessie areas, seveénsarium species were isolated from Agaro, Bedele, Bakbe@)edesa

and Kemissie areas; while in Nekemte, Ziway, Medkaand Alamata four species were
isolated (Fig. 4). Theotal countof eachFusarium species varied significantly (p < 0.05)

among areas investigated exceptFopseudoanthophilum.
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Table 3 List of Fusarium isolates subjected t&F-1a gene sequence analysis and sequence
with best match of identity in the GenBank d@hgarium-ID

Isolate code Morphological andEF-1a based GenBank accession  Similarity
identification number and sequence (%)
with best match

AR312 F. verticillioides KC964129.1 100
KM251 F. verticillioides FD_01387_EF-1a 99.4
AW314 F. verticillioides FD_01388 EF-l1a 99.9
AG411 F. verticillioides FD_01388 EF-la 99.9
KR222 F. verticillioides KP732012.1 100
MC14z F. verticillioides FD_01387_E-1le 100
AG68: F. graminearum sc? FD_01128 E-1l¢ 99.5
BD92C F. graminearum sc? FD_01128 E-l¢ 99
KR332 F. graminearum sc? FD_01131 EF-l1a 99.7
GD312 F. graminearum sc? FD_01130_EF-1a 99.8
ML322 F. pseudoanthophilium AF160264.1 99
MC351 F. pseudoanthophilium AF160264.1 99
MC411 F. pseudoanthophilium AF160264.1 98
WS212 F. oxysporum KJ418427.1 99
GD431 F. oxysporum KJ418427.1 99
AMS521 F. oxysporum KJ418427. 99
KR511 F. oxysporum KF574857.. 99.9
DS695! F. oxysporum FD-00117_El-1s 99.7
DS6941 F. oxysporum FD-00809_EF-l1a 100
AW6411 F. subglutinans KC194168.1 100
761051 F. temperatum JX987073.1 100
AG821 F. temperatum JX987074.1 100
Gl112 F. temperatum KC964121.1 99
AB6642 F. temperatum KC964121.1 100
KR211 F. temperatum KC964121.1 100
KR521 F. temperatum JX987074. 100
DS672: F. brevicatenulatum AF160265.: 99
Gl41z F. brevicatenulatum AF160265.: 99
BK950 F. brevicatenulatum AF160265.1 98
BD6651 F. brevicatenulatum AF160265.1 98.4
AR111 F. incarnatum JF270215.1 99
ARG6732 F. incarnatum JF270267.1 99
KR533 F. equiseti KP732019.1 98
AM61043 F.lacertarum JF740828.1 99
WS622 Fusarium sp.? FD_01767_EF-1a 93.4
WS63! Fusarium sp.? FD_01767_E-1e 93.

aF, graminearum sc: F. graminearum species complex mainfy. boothii; ® Fusarium sp:

Fusarium sp. nested within th&ibberella fujikuroi species complex witBF-1a showing
93% identity to FD_01767_EF-1a
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The most prevalerftusarium species on maize kernels in several maize growiegsavere
F. verticillioides followed byF. graminearum species comple. verticillioides occurred in
all areas investigated, representing more thanthivd-of theFusarium species isolated in
some areas (Fig. 4). The relative prevalencE. aerticillioides was 81 % in Ziway and 77
% in Alamata, while in Korem, Bako and Ambowiasonly from 19 to 21 %. ThEusarium
graminearum species complex was recorded in 90 % of the amsasssed, but it was
predominant in areas with higher elevation and loteenperature (Fig. 4 and Table 2).
According to the molecular identification resulEs, boothii appeared to be the dominant
member of thd-. graminearum species complex associated with maize kernelghiofia
(Table 3).Fusariumoxysporum, F. incarnatum, F. brevicatenulatum andF. temperatumwere

among the less prevaleftisarium species, but occurred in several areas up to 20i§04).

The data orfFusarium species occurrence in the different maize grownegswere grouped
into the respective agroecological zones of Etlappnd the results were as presented in Fig.
5. Fusarium verticillioides was recorded in all agroecological zones assebsgdyas most
prevalent in the SMzone (64.5 %), the Skone (55 %) and the Mzones (53 %) which are
characterized by lower elevation, warm and dry @onk. TheF. graminearum species
complex was less prevalent in these zones andaborgdant in zones generally characterized
by low temperature and wetter conditions, sucthadwk-zone, SM-zone and the S-zone
(Fig. 5). The prevalence &t pseudoanthophilumwas similar in several agroecological zones
investigated except the Stdone. The highest relative prevalence of Bathmcarnatum and

F. oxysporum was in the SMzone.Fusarium temperatum, F. equiseti, F. subglutinans, F.
lacertarum andFusarium sp. were detected in only some agroecological zandswith less
than 5 % prevalence (Fig. 5).

Fumonisin contamination in maize samples

Fumonisin was detected in maize samples collectad &ll but one of the maize growing
areas sampled (Table 4). The majority of the 20@pdas (77 %) contained fumonisin at
concentrations ranging from 2%g kg'to 4500 ug kgt. The overall mean and median
fumonisin concentration in samples were Bg&gland 2581gkg?, respectively. Fumonisin
levels were comparatively higher than the overaamin samples from Jimma (mean: 918.6

ug kg, median: 501.ugkg?), Ziway (mean: 57ugkg?, median: 392ug kg?'), Alamata
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(mean: 533ugkg?, median: 392.5igkg?) and Hawassa (mean: 5g§kg?, median: 45519
kg?1). The fumonisin level in one sample from Jimmaemded the maximum tolerable limit
of 2000 g kg* set by the US Food and Drug Administration in faotknded for direct
human consumption (FDA 2001). In total, about 7 P4he maize samples exceeded the
maximum tolerable limit set by the European Uniommaize flour (> 100qug kg') (EU
commission 2006). These were three samples fronayitwo from Kemmissie, two from
Alamata, two from Jimma, and one each from Alabawbtsa, Nekemte, Dissie and Korem.
Bako was the only area where none of the samples esntaminated with detectable level
of fumonisin (Table 4). The Sire area had also feimeidents of fumonisin-contaminated
samples, with a mean concentration far below thamfier all the samples. When fumonisin
data was grouped into the agroecological zonestloibgia, the highest mean fumonisin
concentration was recorded in the2dne(568.8ug kg?) followed by the Sktzone (422.g
kg?l) and the M2-zone (420.Ag kgY). The lowest mean fumonisin concentrations were

observed in samples from the;&hd SH zones (Fig. 6).

800 -
700 -
600 -

500 -

400 -
300 -
200 -+
100 -
0 T T T T T T
H3 SH2 SH3 M2 M3 SM2 SM4

Agroecological zones 2

Fumonisin level (mg km 1)

Fig. 6 Mean fumonisin level in maize kernels from differagroecological zones of Ethiopia.
Error bars represent standard error of the nidarpecological zones-#Tepid humid mid-
highlands; M: Warm moist lowlands; M Tepid moist mid-highlands; SHWarm sub-
humid lowlands; Skl Tepid sub-humid mid-highlands; SMWarm sub-moist lowlands;
SMg: Cool sub-moist mid-highlands (Source: MOARD 2Q0%)rs indicate standard error of
the mean.
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Table 4 Fumonisin contamination levels of maize samplemfdifferent maize-producing

areas of Ethiopia, in 2012

Maize Samples Fumonisin concentrationgi kg?)
growing areas containing Range Median Mean
fumonisin (%)
Agaro 90 72-772 395 395 bcd
Alaba 60 86 - 1380 121 316 bcd
Alamata 100 30 - 1370 393 533 bc
Ambo 90 94 - 324 146 159 cde
Bako 0 <25 <25 <25e
Bedele 100 25 - 846 142 219 bcde
Dedesa 50 639 - 743 326 345 bcde
Dissie 90 39 - 1070 75 231bcde
Gedeo 40 325 - 664 169 210 bcde
Gibe 70 29 - 840 432 422 bc
Hawassa 100 248 - 1138 455 523 bc
Jimma 100 62 - 4500 502 919 a
Kemissie 90 99 - 1090 368 496 bc
Korem 90 25 - 1060 233 307 bcde
Maichew 100 89 - 697 297 339 bcde
Melkassa 70 27 - 807 82 208 bcde
Nekemte 80 108 - 1010 193 297 bcde
Sire 30 44 - 125 13 33 de
Welayta-sedo 100 49 - 986 423 432 bc
Ziway 90 110 - 1530 392 577 ab
Average 77 258 348

Samples have been stored for 6-7 months after sidnyesmall-scale farmers and ten samples
were analysed from each area; within columns, méaltmved by the same letter are not

statistically different according to LSD (0.05).
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Correlation between occurrence of Fusarium species, kernel contamination, fumonisin
and climatic data

The total contamination of kernels with fungi wagn#icantly correlated with the recorded
temperature (r = 0.794, p < 0.001) and rainfa#f 0.500, p < 0.029) for the growing season
(2011). Similar positive correlation of kernel ¢mmination with the recorded temperature (r
= 0.791, p < 0.001) and relative humidity (r = @76 < 0.001) for the storage period was
observed. Positive correlation was also observeéddsn the occurrence of some of the
Fusarium spp. and kernel contamination levels (Table 5ynfficantly strong positive
correlation (r = 0.862, p < 0.001) was observedavben the incidence d@f. verticillioides,

the primary producer of fumonisin, and fumonisimecentrations in maize samples. There
was a significant positive correlation between faisim concentration with temperature
recorded in the growing season (r = 0.533, p <@),0&lative humidity (r = 0.521, p <0.018)
and temperature recorded for the storage perigd}618, p < 0.019). However, there was
no or poor correlation between rainfall data reedrébr the growing season and fumonisin
contamination (r = 0.276, p > 0.238) (Table 5).

Discussion

The results reported in the present study inditdaae maize grown in different ecological
conditions in Ethiopia contains a wide rangeFoBarium species. Severddusarium spp.,
both common and less frequent pathogens of maize vwgelated from maize kernels.
Fusarium verticillioides was the predominant one, found in all areas inyatsd and
representing 42 % of the total number of isolage®vered. It was, however, most prevalent
in the low altitude and high temperature areas. ddmesistent recovery df. verticillioides
throughout all maize growing areas and Ethiopianmegplogical zones indicates its intimate
association with the plant and its adaptation ® tifopical climate. This is in line with
previous observations of Ayalew (2010) that fisarium species is dominant in maize grain
produced in Ethiopia although predominance leviflerdIin some parts of eastern and central
Ethiopia, Ayalew (2010) has reported that 99 %hef Fusarium spp. on the internal and
external surface of maize kernels whs verticillioides. The high prevalence oF.
verticillioides on maize kernels is also in agreement with obsiervemade in other countries
such as South Africa (Ncube et al. 2011), Mexicey@s-Velazquez et al. 2011) and Kenya
(Bii et al. 2012).
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Table 5 Simple linear correlations coefficients (r) betwedimatic dataFusarium spp.,

kernel infection level and fumonisin contamination

Variables Fumonisin (ug kg) Total fungal infection
of kernels(%)

Corr. (r) p-values Corr.(r) p-values

Rainfall 2011 (mm} 0.276 0.238 0.500 0.029
Temperature 201PC)® 0.533 0.016 0.794 0.001
Relative humidity (%Y 0.521 0.018 0.761 0.001
Temperature 2012C) ¢ 0.518 0.019 0.791 0.001
F. verticillioides ® 0.862 0.001 0.683 0.001
F. graminearum species complek 0.241 0.001 0.475 0.010
F. pseudoanthiphilium© 0.604 0.001 0.626 0.001
F. oxysporum¢€ 0.210 0.003 0.350 0.001
F. brevicatenulatum © 0.156 0.027 0.230 0.001
F. semitectum® 0.212 0.003 0.050 0.483
F. temperatum € 0.325 0.001 0.319 0.001
F. subglutinans € 0.275 0.001 0.129 0.001
F. equiseti © 0.152 0.031 0.178 0.038
F. lacertarum® 0.045 0.526 0.167 0.017
Fusariumsp.¢© 0.121 0.089 0.148 0.036
Total fungal infection of kernels (%) 0.671 0.001 - -

atotalamount of rainfall from seeding to harvest (MayDecember 2011), seasonal mean
daily temperature from seeding to harvest (May éz@&nber 2011¥,seasonahearrelative
humidity for the storage period (January to Jurk220 seasonal mean daily temperature for
the storage period (January to June 209®tal number of isolates recorded or count value

and r: correlation coefficient.

Among theFusarium spp. reported in this study, tkegraminearum species complex is the
second major contaminant of maize kernels in Efhigmd it is most important in areas
characterized by high elevation, low temperaturd wet conditions. Observations Bf
graminearumthriving in cooler temperature and wetter condisicharf. verticillioides, have
also been reported from other maize-growing anedkea world (Vigier et al. 1997; Dorn et

al. 2011; Scauflire et al. 2011Fusarium pseudoanthophilum andF. oxysporum were also
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among the commoRusarium spp. on maize kernels isolated in the currentystudslie and
Summerell (2006) indicated thgt pseudoanthophilum could be found in hot dry areas and
wet tropical regions, while species from theoxysporum complex are cosmopolitans that
can be recovered from different climatic conditioirs addition to the above-mentioned
Fusarium spp., a large number of other species sudh axarnatum, F. brevicatenulatum,

F. temperatum, F. equiseti, F. subglutinans, F. lacertarum and Fusarium sp. were detected
on maize kernels. Many of these species occurrddvinfrequency in several areas and
agroecological zones in Ethiopia. Some of theseispecould be saprophytes saprobes or
opportunistic colonizers of maize plants, howewBey may still cause yield losses and
mycotoxin contamination of the kernels. To our kienlge, this is the first report of the
occurrence of. temperatum, F. brevicatenulatu, F. pseudoanthophilum, F. incarnatum, F.

equiseti andF. lacertarumin maize in Ethiopia.

The current study shows the presence of considerabiation in species composition and
prevalence ofFusariumspecies in the different maize growing areas gndexological zones
in Ethiopia. Variation in fungal and fumonisin cantination levels were also high. The
reason for this could partly be due to the varmafio climatic factorsn the maize growing
areas, mainly temperature, humidity and precigitatirhe influence of climatic conditions
on the species composition and prevalendeusérium spp. may be due to a direct effect on
growth, production and dispersal of inoculum, bigoaan indirect effect on soil and
vegetation type, which may influence saprophyticvisal (Doohan et al. 2003; Munkvold
2003). The positive correlations of fungal kerrahtmmination with temperature and rainfall
data as well as fumonisin concentration with re@atiumidity and temperature data found in
this study also show the strong effect of environtak factors. Weather conditions
characterized by high temperature and low rainfathe growing season, particularly after
silking, favor colonization of maize ears by pathoig Fusarium species and subsequent
fumonisin contamination (Goertz et al. 2010; Vigetral. 1997). Contamination of kernels
with Fusarium species and fumonisin may also increase consilyeveith wet or humid
weather condition in the later growing season, @sfig at the time of crop harvest and during
drying (Munkvold 2003).

In addition to climatic factors, agricultural prets such as crop rotation (previous crop),
insect pest management, choice of cultivars, gllagstems and crop residue management,

post-harvest drying and handling practices apphedlifferent maize growing small-scale
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farmers, may have great impact on kernel contamoingthe prevalence ¢fusarium species

on maize kernels and subsequent fumonisin contdimmalhe pronounced differences
recorded for percentage of kernels contaminated fuoygal agents and fumonisin
concentration among samples collected from the sameas points to the importance of
different on-farm agricultural practices and postkat handling activities employed by
different maize growers. Some farmers store théneifesdi cobs on tree branches and the
grains in underground pits before transfer intohbese; such practice may expose to late
rain showers and hence high fungal infection. Imearts of Ethiopia, maize is often grown
in short rotations preceding small grain cerealshsas wheat and sorghum or maize
monocropping. Such repeated planting of maize dner@ereals in the same field may lead
to the high incidence dFusarium spp. and other fungal contaminants by increadmeg t
amount of inoculums. Logistics regression modetihgropping systems employed to predict
fumonisin contamination level in maize showed thrateding crop, maturity class of hybrids,
grain moisture and harvesting week significantfeetss the level of fumonisin contamination
(Battilani et al. 2008).

The results obtained in the present study inditaé about two-third (77 %) of the maize
samples were contaminated with fumonisin, whichcat® a widespread occurrence of the
toxin in maize grown in Ethiopia. These results ar accordance with those reported by
Ayalew (2010), with detected fumonisin concentnasioanging from 300 to 24Q@Qy kg? in

17 samples collected from areas in eastern andatdfthiopia. However, the fumonisin
concentrations obtained in the maize samples irptesent study (mean: 348 and median:
258 pg kg) were lower than reported from other neighborimgintries in eastern and
southern Africa (Bii et al. 2012; Nucbe et al. 20$tindheim and Tsehaye 2015). Under good
growing condition, the fungus is a commensal, cagzsimall damage to kernels and little
fumonisin formation (Pitt et al. 2013). In the Bakuad Sire areas, no or relatively few samples
contaminated with fumonisins were detected (Taplé\4eason for this could be that these
areas are located nearby the national center faermasearch where farmers can get access
to improved maize hybrids that are resistancegednpests, fungal infection and fumonisin

contamination.

In general, higher fumonisin concentration was tbimsamples collected in the humid and
warmest areas, and fumonisin concentration wagiyelsi correlated with relative humidity

and temperature, while there was poor correlatietween total seasonal rainfall and
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fumonisin concentration. This is in agreement witvious reports from different countries
(Goertz et al. 2010; Ncube et al. 2011).

The highest mean total fumonisin was recordedartfzone (Fig. 6) although the prevalence
of F. verticillioides, theprimary producer of fumonisin, was highest in thé>Sone (Fig. 5).
This indicates an important role of humidity in fanisin contamination, as theskone is
more humid than the SMeone. Meteorological data recorded for the yedrld@dicate the
presence of late season rainfall during the timeasfesting in the areas included in the H
zone (Jimma and Bedele) but not in areas includeide SM zone (Alamata and Melkassa).
The exceptionally highest fumonisin concentratidb00 gm kd) recorded in the current
study was also from thestdone and this may exaggerate the mean fumonisicectration

in this zone.

From the present study, it becomes clear that at gligersity ofFusarium species infects
maize kernels in Ethiopia but species compositiah r@lative prevalence differs depending
on area and agroecological conditions. Pooledtesuer all areas investigated indicated that
F. verticillioides is the predominant species on maize kernels iiofith followed by the-.
graminearum species complex. Overall results indicate widespm@ccurrence of fumonisin
mycotoxins on maize kernels in Ethiopia. These ifigd will serve as an important
foundation for any study oRusarium and fumonisins in maize in Ethiopia, and pointthi®
most importanEusarium spp. for designing control strategi€sirther assessment need to be
continued in the future to analyse the prevalenEeFasarium spp. and fumonisin
contamination in relation to agronomic practicegrogifferent years, to observe trends in
fumonisin contamination and food safety. The obsérwidespread prevalence of different
toxigenic fungal species such aAspergillus spp., F. graminearum species complexk-.
subglutinans and others may indicate the possibility of contaation of maize kernels by
several mycotoxins other than fumonisin. Thuspoitmurrence of other frequent contaminants
of maize and harmful mycotoxins such as aflatoxidepxynivalenol, nivalenol and

zearalenone should also be consider in future sis&TgS.
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Abstract

Amplified fragment length polymorphism (AFLP) wased to study the genetic variation
among 80F. verticillioides isolates from kernels of Ethiopian maize, colldcteom 20
different maize growing areas in four geographigiors. A total of 213 polymorphic
fragments were obtained using $ioRI/Msel primer combinations. Analysis of the data
based on all 213 polymorphic AFLP fragments revetaigh level of genetic variation in the
F. verticillioides entities in Ethiopia. About 58 % of the fragmergenerated were
polymorphic. The genetic similarity amofgverticillioides isolates varied from 46 % to 94
% with a mean Dice similarity of 73 %. UnweightediPGroup Method with Arithmetic
Average (UPGMA) analysis revealed two main groupd #our subgroups. The principal
coordinate analysis (PCO) also displayed two magugs that agreed with the results of
UPGMA analysis, and there was no clear patternlao$tering of isolates according to
geographic origin. Analysis of molecular varian@@OVA) showed that only 1.5 % of the
total genetic variation was between geographicoregi while 98.5 % was among isolates
from the same geographic regions of Ethiopia. Bighstinct haplotypes were recognized
among the 80 isolates analysed. Hence, breeding®ghould concentrate on quantitative
resistance that is effective against all genotyjfe¢ke pathogen.

Keywords. AFLP, AMOVA, Fusarium verticillioides, genetic variation



I ntroduction

Maize (Zea mays L.) is currently one of the most important foodms in Ethiopia, grown
under rain fed as well as irrigated agriculturei2ddnas high yield potential, and it is a source
of important nutrients. The crop plays a key roidaod security for millions of people in
Ethiopia (Worku et al. 2012). Fungal diseasesaaneng the primary constrains for maize
production in Ethiopia, of whick. verticillioides (Sacc.) Nirenberg (teleomoriibberella
fujikuroi (Sawada) Wollenw. is the most frequently isolatengal pathogen from maize
kernels (Ayalew 2010). This Ascomycete fungus isoenmon fungal pathogen of maize
worldwide, causing various diseases such as roostadk rot and ear rot (Brown et al. 2012;
Darnetty and Salleh 2013Fjusarium verticillioides infection may cause reduced grain yield
and quality in maize (Presello et al. 2008). Duriggpwth on maize, the fungus may
contaminate the grains by mycotoxins mainly, fursors (FB, FBz, FBg) (Ono et al. 2010;
Rocha et al. 2011), and trace amounts of sevenal tdxins including fusarins, fusaric acid,
and moniliformin (Brown et al. 2012; Darnetty andll8h 2013). Globally, maize infected
with F. verticillioides is considered to be the major sources of highlle¥dumonisin
contamination (Wskiewicz et al. 2012). Although there is variation@ngF. verticillioides
isolates in fumonisin production, a majority of tiselates are able to synthesize the toxin
(Covarelli et al. 2012; Rocha et al. 2011). Fumimsisare associated with several
mycotoxicoses in various animal species, includiegkoencephalomalacia in horses
(Kellermanet al. 1990), pulmonary edema in swine (Harrisoale1990), and nephrotoxic
and hepatotoxic effects in experimental animalsigms) (Wékiewicz et al. 2012). In
humans, fumonisin contaminated food is consideredkafactor for esophageal and liver
cancer, birth (neural tube) defects and cardiovasqroblems (Wskiewicz et al. 2012).
Some F. verticillioides strains are associated with high morbidity and aliyt in

immunosuppressed patients (Chang et al. 2013).

Despite the importance &t verticillioides in Ethiopia, nothing is known with respect to its
genetic variation, aggressiveness, and potentiaddgual recombination. Previous analyses
of field samples of maize grains from some parteadtern and central Ethiopia showed
fumonisin contamination levels ranging from 0.2t4 mg kg* (Ayalew 2010). There are no

effective measures available for controlFofverticillioides, and there is a need to develop
appropriate disease management strategies. Garstgtance should form the basis for

sustainable management [ef verticillioides epidemics, and knowledge about the genetic

3



structure of the pathogen population is essentiadeéveloping resistant maize genotypes.
Characterization of genetic diversity is an ess¢mierequisite, so that breeding materials
can be tested against representative isolateslér & be effective to a number of genetically

diverse pathogen isolates.

Several molecular techniques have been used tssasse genetic variation amorkg
verticillioides isolates in different parts of the world, for exdengestriction fragment length
polymorphism of the internal transcribed spacer ADRFLP-ITS) (Patifio et al. 2006),
random amplified polymorphic DNA (RAPD) (Daie Ghazrwet al. 2011; Ono et al. 2010),
inter simple sequence repeat (ISSR) (Chang et @L3)2 amplified fragment length
polymorphism (AFLP) (Covarelli et al. 2012; Rochaaé 2011; Reynoso et al. 2009) and
genomic sequence analysis (Brown et al. 2008; Dehket al. 2013). Such analytical
techniques have made it possible to identify aiq#er species, to determine genetic
relatedness among individuals and pathogen popuktidifferentiate subpopulations or
formae speciales adapted to a specific host, disith lineage differing in fumonisin
production, group individual races/strains of ahpgen according to their host cultivars
preference and geographic origin. In this study, wsed AFLP to characteriz€.
verticillioides isolates obtained from maize grains produced mdpta. This method has
been increasingly used in analysis Bfisarium populations, and to estimate genetic
relatedness if. verticillioides isolates (Covarelli et al. 2012; Reynoso et a0®Rocha et
al. 2011). Previous studies from other countriesns&d pronounced intraspecific genetic
variation amongF. verticillioides isolates (Covarelli et al. 2012; Cumagun et al020
Dehkordi et al. 2013; Rocha et al. 2011). In ArgemtReynoso et al. (2009) have also found
high genotypic diversity within populations, buhited or no detectable genetic subdivision
between populations. Based on the fact that furegabduction in nature is consistent with
random mating, we expect individuals withi verticillioides isolates to be genetically
diverse. The objectives of the present study weradsess genetic variation amoRg
verticillioides isolates collected from major maize growing arpeesent in four different
geographical regions of Ethiopia, and to estimai genetic differentiation within and

between thesE. verticillioides isolates from different regions.



Materials and Methods

Fungal isolates

Fusarium verticillioides were isolated from kernels of maize, collectedrr@0 different
maize growing areas (Fig. 1), representing fourggaghic regions (South, South-west,
Central-west and North) of Ethiopia. Altogether 208ize grain samples were collected (10
samples from each of 20 different areas), and sampltes within areas were separated at
least by 1 km and at most approximately by 5 krtadise from the other. Maize kernels were
surface disinfected (1 % NaOCI for 2 min) and walstwéce with sterile distilled water. Then
fifty kernels were plated (five kernels per Peishj on a modified Czapek-Dox Iprodione
Dichloran Agar (CZID), where the fungicides propieaole 0.375 mgtand fenpropimorph
1.125 mg L were used instead of iprodione (Halstensen éx0dl6). The plates containing
maize kernels were incubated for 5 - 7 days a2 the dark (Leslie and Summerell 2006).
After confirming the identity ofFusarium colonies, by first growing on Spezieller
Narstoffarmer Agar (SNA) for 7 - 10 days at 20 “@ler alternatively near ultraviolet/white
fluorescent (NUV) light (12 h) and dark (12 h), @ose suspension was prepared in sterile
water and spread onto Water Agar (WA) plates foiglei spore isolation (Leslie and
Summerell 2006). These plates were incubated at temperature (22 °C) for 16 - 20 h and
single germinating conidia were removed and transfito a new SNA plates. Subsequently,
sub-culturing was made on potato dexterous agaf(PBliico, Madison, USA) and carnation
leaf agar (CLA) plates, incubated at ZD with alternative photoperiod (12 h NUV-light,
followed by a 12 h dark period) from two up to sigeks for morphological identification to
species according to the procedure described byieLesxd Summerell (2006). For
confirmation of morphological identity, the transten elongation factor-1 alpha geneF¢

1a) region was sequenced for representative iso{abessolates), as described by O’Donnell
et al. (1998). A total of 8F. verticillioides isolates were analysed in this study, with 3 to 5
isolates selected randomly from each maize groveiren. OneF. verticillioides isolate
(MRC826), obtained from the South African Medicaldearch Council was also included as

a reference isolate.
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Fig. 1 Map of Ethiopia showing approximate geographiatmmn of maize seed collection
areas in North (five areas), South (five areasiyitisavest (four areas) and Central-west (Six
areas) from whicl. verticilloidesisolates were obtained. Maize seed sample cuatesites

in each areas were separated by a distance @&satllkm and at most 5 km from the nearest
other;A: sites; AM: Ambo, BK: Bako, GD: Gedo, NK: Nekem&R: Sire.

DNA extraction

For extraction of genomic DNA, mycelium from purgltares obtained from single spores
was grown on PDA (Difco, Madison, USA) at 22 under white light for 7 to 10 days. The
mycelium was scraped from the surface of the algaepand ground into fine powder with
liquid nitrogen, using a mortar and pestle. DNA veasracted from approximately 100 mg
mycelium of each isolate, using the DNeasy PlamiMiit (QIAGEN) according to the

manufacturer’s instructions. The concentration dfADwas estimated by using nano-drop

spectrophotometry measurements and quality wakebldzy agarose gel electrophoresis.



AFLP analysis

AFLP analysis was performed as described by Voal.ef1995), with modifications that
included the use of fluorescently labelled primassead of radioactive labelling as described
by Leslie and Summerell (2006). A total of twek@R| andMsel primer combinations were
initially tested, using a subset of isolates fréva samé-. verticilloides. The generated finger
prints were evaluated for overall clearness of bapgattern and number of polymorphic
markers produced. The selective amplification lieactvas performed using six different
primer combinations, anBcoRI primers were end labeled with fluorescent dy<-£M).
PCR reaction was performed as previously describgdBonants et al. (2000). The
fluorescently labelled PCR products were analyseshguan ABI3730 DNA Analyser
(Applied Biosystems, USA). Ond of PCR product was added to a loading buffer aimmg
8.75ul Hi-Di formamide (Applied Biosystems, USA) and B2 of GeneScan 500 LIZ size
standard (Applied Biosystems, USA). GeneMapper (Afplied Biosystems, USA) was
used to derive and visualize the fragment lengthtie labeled DNA-fragments, using the
known fragment lengths of the LIZ-labeled markeaks To check the repeatability of the

results, fifteen samples of extracted DNA were agpe with all the six primer combinations.

Data Analysis

Band profiles for each isolate and primer comboratvere scored manually; using ‘1’ for
presence of a band at a particular position ando0absence of the band. The final binary
data set were used to calculate genetic similasiyg Dice coefficients. The clustering and
dendrogram construction was performed using the digivted Pair Group Method with
Arithmetic Average (UPGMA) (Sneath and Sokal 1978)principal coordinate analysis
(PCO) was also performed to detect clustering amdtsire in the-. verticillioides isolates.
All analyses were performed using the NTSYS-pciver2.2 (Exeter Biological Software,
Setauket, NY, USA) software package (Rohlf 2005).

Arlequin version 3.0 (Excoffier et al. 2005) wasdsfor analysis of molecular variance
(AMOVA) in order to estimate the genetic variatiithin and among regional populations
(isolates from different geographic regions). Adici, polymorphic and monomorphic
fragments, were considered for this analysis tadhewerestimation of genetic diversity.
Genetic differentiation of the isolates from ditfat regions was estimated from the calculated
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population mean value of fixation indefsf), pair-wise for the isolates from each geographic
region against the isolates from the other reg(@vsir and Cockerham 1984). Thus, this can
be expressed @& = (73 — 75)/ 75 ,WhereFstis a measure of allelic diversity of randomly
chosen alleles (individuals) within a populatioarir a certain geographic regicelative to
that of the entire population (all 80 isolateshiststudy),ms represents the average number
of pairwise differences between two individualdelals) sampled from different regional
populations andwrefers to the average pairwise differences wherpkadrfrom the same
regional-population. The significance B§r values was tested by 1023 permutations, and
Nei's mean gene diversity were calculated for eadional population. All computations
were carried out using the Arlequin software paekegrsion 3.0 (Excoffier et al. 2005).

The relationship between genetic similarity groapsl fumonisin producing ability of the
different F. verticillioides isolates (Tsehaye et al. unpublished) was caledlay Pearson
correlation test procedure in SPSS version 22 (RS statistics 22, Chicago, Illinois). The
mean Dice similarity value (73 %) was used to sagaisolates in to groups, resulting in a
total of 13 genetic groups and correlated withftiraonisin concentrations produced under

in vitro conditions.

Results

AFLP analysis of the 8G@. verticillioides isolates, using the six primer combinations,
generated a total of 368 fragments. Of these fraggzl3 (58 %) were polymorphic, while
155 (42 %) were monomorphic. Primer pairs differadterms of the total number of
fragments amplified and the number of polymorphmgments generated (Table 1). The
number of amplification products scored ranged fairio 77 for each primer combination.
The highest number of polymorphic bands (46) wasnged using the primer combination
EcoRI+AC/Msel+CA (Table 1). The fragment sizes of the amplifica products generated

and considered for scoring ranged from 50 to 420 bp

Analysis of the data based on all 213 polymorphit.R fragments revealed a pronounced
genetic variation within the EthiopiaR. verticillioides. Eighty distinct genotypes were
recognized among the 80 isolates analysed. Diciéasity coefficient showed that the genetic
similarity amongF. verticillioides isolates varied from 46 % (between isolates Keraigi
and Sire-3) to 94 % (between isolates Sire-1 arkbBd. The mean Dice similarity among

8



F. verticillioides isolates was 73 %, while the similarity betwdenverticillioides isolates

from Ethiopia and the reference strain from Soufiica (MRC826) ranged from 53 % to 87
%.

Table 1 Number of AFLP fragments generated, polymorphégimnents and fragment sizes

considered during scoring Blsarium verticillioides isolates from Ethiopia

Primer combination Number of Number of Polymorphisms Fragment size

AFLP polymorphic (%) range (bp)
fragments fragments
EcoRI+AC/Msel+CA 77 46 60 51-420
EcoRI+GA/Msel+CA 68 40 59 57 - 415
EcoRI+GGMsel+CA 48 23 48 53-310
EcoRI+GA/Msel+CC 64 39 61 52 - 385
EcoRI+AC/Msel+CG 56 38 68 50 - 320
EcoRI+GA/Msel+CG 55 27 49 53 - 350
Total number of 368 213 - -
AFLP fragments
Mean 61 35.5 58 -

afragment sizes considered for scoring as preseabsent

A graphical representation of genetic similaritytvizeen the isolates was obtained by
generating a dendrogram (Fig. 2) from the simyfamttrix based on Dice coefficient and the
UPGMA clustering method. Both the dendrogram an® Rt showed two major clusters,
with group A containing 71 isolates and group B tearing 9 isolates (Fig. 2). Further
subgroups can be identified with each main grouitisg further into two subgroups. The
reference isolate from South Africa (MRC826) clustewith the larger group A (Fig. 3).
Results from the cluster analysis demonstratedatiwence of relationship betweén
verticillioides isolates and their geographic origin, althougsame cases isolates from the
same areas grouped together (Fig. 2). SBnverticillioides isolates obtained from the same
area appeared to be very distantly related, whiggmymother isolates from the different

geographical regions of Ethiopia were geneticdligely related to each other as indicated in
Fig. 2 and 3.
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Fig. 2 Dendrogram of 8@usarium verticillioides isolates obtained from kernels of maize
produced in different geographic regions of Ethaognd a reference isolate (MRC826) from
South Africa, generated by UPGMA cluster analysisg 213 AFLP markers. The scale from
0.59 to 0.94 indicates genetic similarity calcutadising Dice similarity coefficient in NTSYS
(Rohlf 2005). The two main clusters are remarkeA &sB.
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Fig. 3 Principal coordinate analysis plot of the B@sarium verticillioides isolates obtained
from kernels of maize produced in different geobrapegions of Ethiopia and a reference
isolate (MRC826), summarizing genetic similarityf@me from AFLP analysis scores using

213 polymorphic markers.

With regard to morphological or culture charactasss F. verticillioides isolates included in
this study were categorized in two types, nameadlaies with ample aerial mycelial (white
cream color) and isolates with scarce aerial mgtgliowth (pink to orange color) on PDA.
There was no clustering of isolates according & ahove morphological groups, as both
morphological types were distributed in group A @indup B in the dendrogram (Fig. 2).

AMOVA results for estimation of variance componemgealed that most of the total genetic
variation (98.5 %) was among the verticillioides isolates within the same geographic
region, while the genetic variation between is@atedifferent geographical origin was very
small (1.5%) (Table 2). The low level of genetiffatentiation obtained in this studf4r =

0.015), indicates high level of exchange or shaoihgenetic material among the geographic

regions.

The pair-wise genetic analysis indicated that theetic distance betweén verticillioides
isolates from different geographic regions wereyvew (Table 3), which indicates little
genetic differentiation between isolates of différgeographic region. The highest level of
genetic differentiation was observed between isslaf South-western and Central-western

regions of Ethiopia (0.030), while the smallest ejendifferentiation (0.001) was between
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the Southern and South-western geographic regibtiseocountry (Table 3). The highest
Nei's mean gene diversity was recorded among isslaf the Central-Western region
(0.218), whereas the least mean gene diversitywithin the South-western region (0.155)
(Table 3).

Table 2 Analysis of molecular variance (AMOVA) of the 80thibpian Fusarium

verticillioides isolates using 213 AFLP markers

Source of variation dx Sum of squaresVariance Percentage
components of variation

Between isolates from the 3 122.4 0.48 1.5
different geographic regions

Among individuals within 76 2379.9 31.3 98.5
the same geographic region

Total 79 2502.3 31.8

Fixation index Fs7): 0.015

&d.f: degree of freedom

Table 3 Gene diversity and pairwise genetic differentiati@tweer-usarium verticillioides
populations obtained from four geographic regionsthiopia, as calculated by the pair-wise

genetic distance method (Weir and Cockerham 1984)

Geographic Population fixation indexHsr): pairwise differences Nei's mean
regions South-west  South North Central-westgene diversity
South-west 0.000 0.155
South 0.00F 0.000 0.165

North 0.006¢ 0.008¢ 0.000 0.169
Central-west 0.030 0.021 0.019¢ 0.000 0.218

* Significant at p < 0.05, ns: statistically nompsificant (p > 0.05)

No significance correlation (r = 0.200, p = 0.148)s found between genetic similarity groups
and fumonisin producing ability of thie verticillioidesisolatesF. verticillioidesisolates that
produced the highest and lowest fumonisin concgotra underin vitro condition were

distributed among the different genetic similagtgpups in the dendrogram and PCO plots.
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Discussions

In the present studl. verticillioides isolates, obtained from kernels of maize produoced
different geographic regions of Ethiopia, were gs@dl for their genetic variation using AFLP
markers. The genetic similarity betweén verticillioides isolates from different regions
varied from 46 % to 94 % with a mean Dice similaof 73 %. This indicates that all the
isolates analysed belong to the same species, vidichnsistent with the morphological
identification. According to Leslie et al. (2008)tains of the same species often share at least
60 % of AFLP fragments, while those that share thas 40 % of the fragments belong to

different species.

Eighty distinct AFLP-genotypes were identified amdhe 80 isolates analysed, indicating a
noticeable genotypic variation in the Ethiopfanverticillioides isolates. Similar wide level
of genotypic diversity based on AFLP analysis Haeen reported iR. verticillioidesin other
parts of the world, such as Brazil (Rocha et al1JpArgentina (Reynoso et al. 2009), Italy
(Covarelli et al. 2012) and Iran (Dehkordi et @13). Ren et al. (2012) has also reported
great genetic variation iR. verticillioides isolates from various geographic regions of China
using SSR markers. Chang et al. (2013) used sen®igicular markers to differentiake
verticillioides strains isolated from plants and humans, and teeprted high levels of
genetic variation among the phytopathogenic iselateampared to the clinical isolates from
humans. Their hypothesized reason is that clirstrains may be acquired in the field after

incidental exposure to plants affected by the pge¢ho

Results of the present study indicates that moshefvariation recorded occurred within
isolates from the same geographic region, and ey variation occurred between isolates
from different geographic origin. Frequent sexugdroduction may be a key contributor to
the observed great genotypic variation améngerticillioides isolates within the same
region It is well known that sexual recombination incresmgenetic diversity, as it creates
novel recombinants (Cumagun et al. 2009; Leslie &uwnmerell 2006).Fusarium
verticillioides can reproduce both asexually and sexually. Thgusis heterothallic with two
different mating type alleleIAT-1 and MAT-2. Thus, strains with different mating types
from diverse hosts and geographic areas can intenacform perithecia (Leslie 1995; Leslie
and Summerell 2006). Furthermore, genetic diverditypathogen population to some extent

also depends on the extent of geographic scaleysawal Isolates collected from larger
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geographic areas, representing various agroecaloganes, such as is the case with the
present study, may show quite great levels of genelriation. In Ethiopia, altitude and
agroecological conditions within the geographicioeg are very variable, and genetically
different strains may have evolved independentiynfiocal populations. This tendency is
observed in the dendrogram (Fig. 2) as some ilatiected from the same area have
clustered together in small subgroups. This is @ibbp due to selection for alleles in the
pathogen population to adapt to a local niche. A &nall genetic differentiation between
isolates of different geographic origin may be ekpdd by a high rate of seed exchange and
consequently gene flow between the geographic megi®Gene flow increases genetic
variation within the same region because it brimgsew alleles, and it decreases genetic
differentiation between regions, because allelesba&ing exchanged. Infected maize seeds
could be the main vehicle for dissemination of pgmn genotypes throughout Ethiopia.
There is free movement of seeds within Ethiopiawali as continuous introduction of
planting material via seed companies and reseasthutions importing from international
research centers. Thus, new strains with distimetec makeup may continuously be
introduced with seeds, and such strains may cangito the observed great genetic variation
among isolates within the same region. Long-distagtispersal of ascospores could also to
some extent contribute in mixing of the regiongbylations. Aerial propagules &lsarium
species are common with potential origin in broadgraphic regions (Lin 2013; Schmale et
al. 2006). Schmale et al. (2006) observed that-tistance movement of spores effectively
masks biogeography &usarium graminearum. The long-distance dispersal fedisarium is
reported to occur both by airborne drifts or dustras and movement in soil (with water)
(Leslie and Summerell 2006). Several isolates aealyn this study showed greater genetic
similarity with the reference isolate from Southidé, than their similarity with other isolates
from maize in Ethiopia. These results suggest spraad long-range dispersal &f.
verticillioides, and that the pathogen is not geographically iedla However, F.

verticillioides may rather be considered to consist of a largatnéeding population.

Cluster analysis based on UPGMA and PCO, using Biirodarity coefficients, categorized
F. verticillioides isolates into two major groups and subgroups. fitan groups and
subgroups on the AFLP dendrogram and PCO contaoétes from all geographic regions
of Ethiopia, and there was no clear associatiowdenF. verticillioides isolates and their
geographic areas of origin (Fig. 3). This couldgaioly be due to free dispersal of the fungi

in nature via several means. These results araéstenswith a study from Brazil (Rocha et
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al. 2011) and Italy (Covarelli et al. 2012) who derstrated a similar lack of a relationship
between isolates and geographic origins. In contwathe present study, Daie Ghazvini et al.
(2011) has reported a genetic relationship among Pdlymorphic patterns generated using
RAPD markers and geographic originfafverticillioides isolates. Our results were also in
contrast with other reports that observed grouing. verticillioides isolates according to
different sites or localities from which te verticillioides isolates were collected (Ono et al.
2010; Pamphile and Azevedo 2002). Rllverticillioides isolates included in this study were
able to produce detectable level of fumonisin umadleitro testing, but displayed a wide range
of variation in fumonisin production ability (0.288 mg of the toxin per kg fungal and maize
kernel biomass; Tsehaye et al. unpublished). Howewe did not find any correlation
between AFLP profiles and the amounts of total foisio produced by the differerf.
verticillioides isolates. The observed weak relationship or nadifig any differentiation
related to fumonisin producing ability of isolat@sly be due to several reasons. The ability
of aF. verticillioides strain to produce fumonisin has been associatddtie presence of a
42.5 kb fumonisin biosynthesis gene cluskyi) (Proctor et al. 2003), and previous studies
revealed that sequence variation inside M gene cluster may explain variation in
fumonisin production (S$pien et al. 2011). However, other factors, e.g. envitental, might
regulate the metabolic route and expression lghatsesults in a wide variation of fumonisin
levels. Some level of clustering Bf verticillioides isolates according to fumonisin producing
ability (Covarelli et al. 2012; Daie Ghazvini et @D11), host preference and co-evolution
processes have been observed in some other s{iBbkordi et al. 2013; Pamphile and
Azevedo 2002).

In conclusion, the phylogenetic analysis reveabadl theF. verticillioides isolates in Ethiopia
are genetically diverse. Much of the genetic vatatvas within the same geographic regions,
but little genetic differentiation was observed agasolates from the different geographic
regions. This probably indicates the presence dfequent sexual reproduction iR.
verticillioides in Ethiopia or it might indicate continuous intradion of new strains mainly
with planting material. High rate of seed exchaagd consequently, gene flow between the
geographic regions and long-distance dispersat@dspores may also contribute in mixing
of the regional populations. A high level of genetariation in a pathogen population may
allow rapid selection of strains that are resist@nfungicides, or strains that are more
pathogenic. Therefore, breeding measures shouldeotrate on quantitative resistance,

which is effective against all genotypes of thehpgen. Efforts should emphasize on
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prevention of the introduction of new aggressivaints with planting material. Findings
obtained in this study provide important baseliferimation orf. verticillioidesin Ethiopia,
with respect to genetic variation and could be dsedesigning management strategies. The
source for the observed high level of genetic diNgrcalls for investigation into the
mechanisms for how the. verticillioides maintain such diversity, particularly whether this
is due to high sexual reproduction or not. The s#jmn ofF. verticillioides isolates into two
major clusters and further subgroups may also reqdditional work to determine if there

is differences in pathogenicity characteristics.
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Supplementary material 1 Geographic origin, altitude and GPS coordinatenafze grain

sample collection sitaa Ethiopia from which-. verticilloides isolates were obtained

Isolate namé Geographic GPS coordinate of sample Altitude
region collecting sites
North East

Agaro-1 South-west 7°51.006’ 36° 35.009’ 1685
Agaro-2 South-west 7°51.682’ 36° 35.192’ 1718
Agarc-3 Soutt-wes 7°52.226 36° 34.09z 1697
Agarc-4 Soutt-wes 7°50.078 36°34.004 1567
Agarc-5 Soutt-wes 7°50.043 36° 35.78¢ 162(C
Alabe-1 Soutt 7°07.044 37°57.00& 175¢
Alaba-2 South 7° 06.763’ 37°56.129’ 1953
Alaba-3 South 7°08.542 37°57.841 1876
Alamata-1 North 12° 24.004’ 39° 36.048’ 1524
Alamata-2 North 12° 25.603’ 390 36.872’ 1587
Alamata-3 North 120 22.503 390 37.094’ 1498
Alamata-4 North 120 24.24%’ 390 54,221’ 1479
Alamate-5 North 12° 23.06¢ 390 32.04¢ 157¢
Ambc-1 Centra-wes 8° 58.053 37°952.01¢ 215(
Ambg-2 Centra-wes 8° 58.894 37°50.102 2167
Ambo-3 Central-west 8°59.408’ 37°54.096’ 2207
Bako-1 Central-west 9° 06.769’ 37°10.042 1743
Bako-2 Central-west 9° 08.806’ 37°09.732 1736
Bako-3 Central-west 9° 07.807’ 37°08.432’ 1689
Bako-4 Central-west 9° 06.169’ 37°09.086’ 1652
Bedele-1 South-west 8°27.021’ 36° 21.0171° 2015
Bedele-2 South-west 8°29.078’ 36° 22.086’ 1908
Bedel¢-3 Soutt-wes 8°26.021 36° 21.424 189¢
Bedele4 Soutt-wes 8° 25.214 36° 23.40z2 190¢
Dedes-1 Centra-wes 8°44.001 36° 25.05Z 156(
Dedesa-2 Central-west 8°43.0471’ 36° 26.900’ 1490
Dedesa-3 Central-west 8°45.0471’ 36° 24.010° 1486
Dessie-1 North 11° 07.01%’ 39° 38.000° 2490
Dessie-2 North 11° 08.501’ 39° 40.021° 2250
Dessie-3 North 11°07.211 39° 37.032 2310
Dessie-4 North 11° 06.876’ 39° 38.605’ 2213
Gedo-1 Central-west 9° 00.047’ 37° 26.058’ 2513
Gedc-2 Centra-wes 9° 00.579 370 27.977 243¢
Gibe-1 Soutt-wes 8° 14.056 37°34.02¢ 120¢
Gibe-2 Soutt-wes 8° 15.062 370 35.20¢ 123¢
Gibe-3 South-west 8° 14.698’ 37°33.028’ 1201
Gibe-4 South-west 8° 13.698’ 37° 34.928' 1204
Hawassa-1 South 7°02.021 380 27.033 1716
Hawassa-2 South 7°03.241° 380 28.017’ 1714
Hawassa-3 South 7°03.941° 380 28.763’ 1702
Hawassa-4 South 7°03.822’ 380 27.013’ 1694

aFusarium verticillioides isolate name derived from source area from whHerertaize kernel
samples collected. In each of the twenty areasasdesampling sites were separated by at

least 1 km and a maximum of 5 km from each other.
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Supplementary material 1 (continued)

Isolate namé Geographic GPS coordinate of sample Altitude

region collecting sites

North Eas

Hawassa-5 South 7° 04.021' 38°28.733' 1724
Jimma-1 South-west 7° 40.009’ 36° 50.220° 1714
Jimma-2 South-west 7° 38.972' 36° 51.520 1695
Jimma-3 South-west 7° 40.495’ 36°51.812 1719
Jimme-4 Soutt-wes 7° 39.396 36° 49.12¢ 1732
Kemise-1 North 10° 43.05¢ 39°52.01¢ 145(C
Kemise-2 North 10°42.13C 39°52.89C 1467
Kemise-3 North 10° 44.02¢ 39°52.321 155(C
Kemise-4 North 10° 43.047 39°51.110° 1440
Kemise-5 North 10° 41.02%’ 390 51.991’ 1370
Korem-1 North 12° 30.607’ 390 31.022’ 2495
Korem-2 North 120 32.229’ 39° 31.625’ 2486
Korem-3 North 12° 33.507’ 390 31.822’ 2464
Maichew-1 North 12° 46.059’ 390 32.039’ 2450
Maichew-2 North 12° 46.99¢ 39°32.659 252(
Maichew-3 North 12° 46.04¢ 39° 33.43¢ 2321
Maichew-4 North 12° 44,79t 39° 31.00: 2432
Maichew-5 North 120 45,788’ 390 30.786’ 2456
Melkassa-1 South 8° 24.020’ 390 21.001° 1550
Melkassa-2 South 80 24.201 390 21.803’ 1547
Melkassa-3 South 8° 25.321’ 390 23.108’ 1542
Melkassa-4 South 80 25.829’ 390 22.322’ 1542
Nekemte-1 Central-west 9° 05.008’ 36° 33.053 2100
Nekemte-2 Central-west 90 04.5371" 36°31.122’ 2017
Nekemte«3 Centra-wes 9°03.434 36° 31.12C 2087
Nekemte«4 Centra-wes 9°05.912 36° 33.89C 189¢
Nekemte5 Centra-wes 9° 06.946 36° 34.151 1872
Sire-1 Central-west 9° 02.009’ 36° 52.020’ 1714
Sire-2 Central-west 9° 02.301’ 36°51.128' 1729
Sire-3 Central-west 9° 03.423’ 36° 51.326’ 1869
Sire-4 Central-west 9° 02.544’ 36° 52.897" 1846
Welayta-sedo-1  South 6°51.042’ 37°45.048’ 2046
Welayta-sedo-2  South 6° 52.236’ 37°45.157 1987
Welayta-sedo-3  South 6° 50.112’ 37°45.032’ 1964
Welayte-sedi-4  Soutt 6° 51.042 37°43.21¢ 1852
Ziway-1 Soutt 7°59.020 38°38.01: 164z
Ziway-2 Soutt 7°57.654 38° 36.107 166¢
Ziway-3 South 7°59.927’ 38° 38.632 1631
Ziway-4 South 7°59.018’ 38°36.312 1648
MRC826 South Africa

aFusariumverticillioides isolate name derived from source area from wherertaize kernel
samples collected. In each of the twenty areasasdesampling sites were separated by at

least 1 km and a maximum of 5 km from each other.
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Abstract

A study was conducted to determine fumonisin-praap@bility of 80 F. verticillioides
isolates from kernels of maize produced in diffém@aize growing areas and agroecological
conditions in Ethiopia. The-. verticillioides isolates were grown on autoclaved maize
cultures for one month, and the fumonisin conteas wuantified using competitive enzyme
linked immunosorbent assay (ELISA). All isolatestésl produced detectable levels of total
fumonisin in maize culture, with values rangingnfr®.25 to 38.01 mg of the toxin per kg of
culture material (fungal biomass and maize kernéls}iceable variation in total fumonisin
production was observed among isolates obtainedh ftbe same area as well as
agroecological zone. The results indicate thatrtagority (57.5 %) ofF. verticillioides
isolates associated with maize grains in Ethiopsalpced fumonisin > 4 mg Kgwhile the
rest of the isolates appears to be low fumonisadpeers, with 35 % of the isolates producing
< 2 mg kg' total fumonisin. The widespread presence of fusianproducing strains across
all maize growing areas of Ethiopia presents a feaigty risk.Thus, efforts should give
emphasis to prevention of the introduction of negrassive strains with planting material

and avoiding contamination of maize with fumonisins

Keywor ds. fumonisin,Fusarium verticillioides, maize, ELISA, food safety



I ntroduction

Fumonisins are a family of mycotoxins, producedmntyaby Fusarium verticillioides (Sacc.)
Nirenberg, andrusarium proliferatum (Matsush.) Nirenberg. In fadg, verticillioides is the
most important fungal pathogen of maize worldwiBe&¢tet al., 2010) and fumonisins are
most frequently found in maize food and feed prdsi§Picotet al., 2010; Sundheim and
Tsehaye, 2015; Whiewiczet al., 2012). This mycotoxin has also been reportéovatevels

in a number of other agriculturally important condii®s such as sorghum, rice, wheat,
barley, beans, asparagus and medicinal plantskj@lgicz et al., 2012). The pure chemical
substance of fumonisin is white hygroscopic makevidich is well soluble in water and
aqueous solutions of methanol or acetonitrile (IARDO02). They are resistance to high
temperatures and no substantial reduction achieyewoking (Shepharet al., 2012).

At least 28 different fumonisin molecules are knowvhich are extracted from natural
samples or synthesized in artificial culture medigaboratory. These are classified into A,
B, C and P series based on their chemical strus{éradavignat al., 2012; Picoet al., 2010).
Members of the fumonisin B series (mainlyiBB; and FB) are the analogues, which often
occur in great quantities in naturally contaminatesize samples (V¥kiewicz et al., 2012).
Fumonisin B is the most important in food contamination, acitounts for more than 70 %
of all fumonisins found in naturally contaminatedd and feed (Nelsat al., 1991). Among
the minor fumonisin analogues, the C series arevkrto occur on mouldy as well as normal
non-mouldy maize grains, while members of the fuisionA and P series are secondary
metabolites produced in trace amount on artificidiure media in the laboratory (Falavigna
et al., 2012). Structurally fumonisins belonging to tBeseries are characterized by a 20
carbon aminopolyhydroxy-alkyl chain that is diested with propane-1,2,3-tricarboxylic
acid (Brylaet al., 2013). Due to their structural similarity witptgngolipid intermediates
sphinganine and sphingosine, they may affect spkipig metabolism, which are major
components of cell membranes and important comgerarmany signalling pathways, by

interfering the enzyme ceramide synthase (Waray, 1991).

Contamination of agricultural produce by fumonisna growing concern globally, as it
causes divers and complex adverse effects on thkhhef humans as well as animals
(Waskiewiczet al., 2012). Upon consumption of contaminated feedfalhalving: fumonisin

may cause a fatal brain lesion, known as leucodratemalacia, in horses (Kellermaial.,
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1990) and pulmonary edema and hydrothorax in pigsr{sonet al., 1990). Fumonisins are
nephrotoxic, hepatotoxic, carcinogenic and emboyaetin laboratory animals (Gelderblom
et al., 1996; Wakiewicz et al., 2012). In humans, long-term consumptions of foisia
contaminated food has been linked with high incagef oesophageal cancer, and the
mycotoxin is consider as a risk factor for livencar (Suret al., 2007). The International
Agency for Research on Cancer (IARC) has asselsqubtential risk of FBto humans, and
IARC classified it in Group 2B, as “probably camogenic to humans” (IARC, 2002).
Fumonisin has detrimental effects on the develofiegus and young infants, implicated in
a cluster of cases of neural tube defects (Missateal., 2006). In maize seedlings,
accumulation of fumonisin in roots has been linkeith the development of phytotoxic
symptoms such as necrotic leaf lesion, seedlinghbliand reduced root development
(Williams et al., 2007). However, there is no clear informationtloa relationship between

fumonisin production and pathogenicity.

The amount of fumonisin produced varies ambnegrticillioidesisolates, and not all isolates
produce the toxin (Alakonyet al., 2008; Atukwaset al., 2012; Covarellet al., 2012). The
potential of a strain to synthesize fumonisin hasrbassociated with the presence of the
fumonisin biosynthesis gene clust&UM) (Proctoret al., 2003). Furthermore, fumonisin
biosynthesis byF. verticillioides strains can be affected by environmental factors.
Temperature, relative humidity, pH and nutrientustaof the substrate on which the fungus
grows, have been reported to influence the exmressf FUM genes and fumonisin
production byFusarium strains (Picogt al., 2010; Sagarar al., 2006).

Maize is a major component of staple food in Etlaoft is the second crop in area coverage
(2.12 million ha), and maize has higher averaghl (i 2 tonnes/ha), than any other crop in
the country (FAOSTAT, 2014). Maize is grown in seleagroecological zones of the

country. In the northern and eastern parts of twatry, which are commonly characterized
by water stress (erratic and little rainfall), ganhaturing, open pollinated genotypes are
commonly grown as rain-fed maize. In the centraljtsern and southwestern parts of
Ethiopia, which usually receive sufficient rainfedl extended period of time, medium to late
maturity and high yielding hybrids are planted (W(oet al., 2012). Due to the high variation

in agroecological condition of the maize growingas of Ethiopia, varieties introduced by
research centres and seed agencies to these amges im earliness and other properties

(Worku et al., 2012). Thus, there is a high diversity in thezmayenotypes in the farming

4



system of the countryzusarium ear rot is one of the major challenges for maizelpction

in Ethiopia, andr. verticillioides is the most frequently isolat&disarium species from maize
kernels (Ayalew, 2010). Previous and recent assassof maize samples collected from
different maize growing areas in the country intBdsa widespread occurrence of fumonisin
at different concentrations (Ayalew, 2010; Sundhaird Tsehaye, 2015). With the variation
in maize genotypes, and agroecological growing itmms in the countryF. verticillioides
populations are expected to show high variatiofumonisin production ability. At present
little is known in Ethiopia regarding the potentiédr fumonisin production ofF.
verticillioides isolates from domestic maize. This is the firdempt to examine total
fumonisin (FB, FB, & FB3) production by a collection d¥. verticillioides strains isolated

from kernels of maize produced in different agrdegcal conditions in Ethiopia.

Materials and Methods

Fungal isolates

A total of 80F. verticillioides isolates were included in this study. All the stsavere isolated
from maize seed samples, collected from the 20 maj@ze growing areas (Fig. 1) of
Ethiopia in 2012. The sample collection areas mgmeseven major agroecological zones of
Ethiopia, and their characteristics with respectlvation, temperature, rainfall and major
annual crops are presented in Table 1. Maize seeds surface disinfected by soaking in 1
% sodium hypochlorite (NaOCI) for 2 minutes and g twice in sterile, distilled water.
Fifty seeds of each sample were plated on Petiedi¢five seeds per Petri dish), containing
a modified Czapek-Dox Iprodione Dichloran Agar (OXl where the fungicides
propiconazole 0.375 mg'Land fenpropimorph 1.125 mgtlwere used instead of iprodione
(Halstenseret al., 2006). The Petri dishes with maize seeds wengbiated for 5 - 7 days at
25 °C in the dark. The identity ¢fusarium colonies were confirmed by first growing on
Spezieller Narstoffarmer Agar (SNA) (Nirenberg, 697or 7 - 10 days at 20 °C under
alternatively near ultraviolet (NUV)/white fluoresat light (12 h) and dark (12 h). Then a
spore suspension was prepared in sterile watesagéd onto Water Agar (WA) plates for
single spore isolation. The plates were incubated@n temperature (22 °C) for 16 - 20 h
and single germinating conidia were removed andsteared to a new SNA (Nirenberg,
1976) plates, containing a filter paper, to obtamnosporic cultures (Leslie and Summerell,

2006). Sub-culturing was made on PDA (Difco, MadisdSA) and carnation leaf agar
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(CLA) plates, incubated at 20C with alternative photoperiod (12 h near UV/white
fluorescent light, followed by a 12 h dark perioftpm two up to six weeks. The
morphological identification was according to theogedure described by Leslie and
Summerell (2006). For confirmation of morphologigntification, sequencing part of the
translation elongation factor 1-alphBH-1a) gene was done for randomly selected (six)
isolates, as described by O’'Donretlél. (1998). Sequence data were assembled and analyzed
using the CLC Main Workbench software 6.9 (Aaridenmark). The consensus sequences
were checked for similarity against the GenBank BN®ational Centre for Biotechnology

Information) (http://blast.ncbi.nilm.nih.gov/Blaggiy and the Fusarium-ID database

(http://isolate.fusariumdb.org/index.php).FA verticillioides isolate (MRC826), which is a

known high fumonisin producer (Vismet al., 2004), obtained from the South African

Medical Research Council, was included and usenigggoup reference isolate.

Table 1. Summary of characteristic of the agroecologicalezonf Ethiopia, from which

maize seed samples were collected to isélaterticillioides strains.

Agroecological zones Elevation Temp Annual Major crops

(masl)? (°C)®b Rainfall

(mm)*©

Tepid humid mid-highlands @) 1600-3000 17 -22.5 1800-220®o0, M, W, RT
Warm moist lowlands (I¥) 400-2000 22.5- 25 600-1400S.M, T
Tepid moist mid-highlands (M 1000-3600 17 - 20 1000-1400V, T, B, M, Pt
Warm sub-moist lowlands (Siy1 400-2000 20-25 600-1000 S, M, T, Fg
Cool sub-moist mid-highlands (SM 2800-4000 15 - 20 600-1000 B, W, T, Pu
Warm sub-humid lowlands (SH 400-2000 22.5-27.51000-1800 S. M, Cc

Tepid sub-humid mid-highlands (3H 1000-3200 20-22.5 1400-180&. M, W, Co, RT

amasl: meters above sea leveTemp: Temperature, long-term (> 30 years data)aaeer
temperature anéllong-term (> 30 years) annual rainfélGo: coffee, M: maize, T: teff, W:
wheat, S: sorghum, B: barley, Fg: fingermillets, puises, RT: roots and tuber crops (potato,

sweet potato, yams, ensete) (Source: MoARD, 2005).



Preparation of maize substrate

Fumonisin production by each isolate was determiasithg autoclaved whole maize kernels
as cultivation medium. An improved open pollinatedize variety, Melkassa-4, obtained
from the Tigray Seed Agency was used as growingtsatie for this study. Initially, maize
kernels (100 g of kernels and 100 mL of sterileawat 500 mL glass jars) were autoclaved
at 121 °C for one hour on three consecutive daysnferet al., 2004). After allowing to
settle, moisture levels of the maize kernels wesentjfied with a moisture analyzer (Perten

instruments, model: AM5100, Sweden), and it was@gmately 45 % at inoculation.

I noculum preparation and cultur e growing condition

For spore production, eaéh verticillioides isolate was sub-cultured by transferring a small
disc of mycelia onto a petri-dish, containing MuBgan Agar (MBA) (Dill-Macky, 2003).
The plates were incubated at 22 °C for 7 - 10 daith, alternative photoperiod (12 h NUV-
light followed by 12 h dark periods). Conidia oetHifferentF. verticillioides isolates were
suspended in sterile water, and final concentratfoh® conidia mL* was prepared using a
Kova glasstic slide (spore counting chamber) andutated into the maize cultures in 500
mL glass jars. The cultures were incubated in ek dor 4 weeks at 25 °C, with manual

shaking during the first two weeks.

Extraction and fumonisin analysis

After four weeks of incubation, the culture matkxigntire fungal mass and maize substrate)
were dried in a forced air incubator at 60 °C fmet days. The dried samples were finely
ground to powder using an ultra-centrifugal mill Z¥0 (Retsch GmbH & Co. KG,
Germany).The samples were stored at -20 °C untlyars. For fumonisin analysis 5 g
thoroughly mixed ground samples were used, andetidn was performed with 25 mL of
70 % methanol using a shaker (1000 rpm) for 3 nilme extract was filtered through a
Whatman no. 1 filter paper, and the collecteddittrwas analyzed using competitive enzyme
linked immunosorbent assay (ELISA) kit (RIDASCRE®Nmonisin, R-Biopharm AG,
Darmstadt, Germany), according to the manufactsiiastructions. Evaluation of the results
of RIDASCREEN enzymd@mmunoassay was performed, using RESOFT Win software
(Art. Nr. 29999, R-Biopharm AG, Darmstadt, Germangy plotting the mean relative
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absorbance in percentages on the standard curdanain fumonisin concentrations.
Fumonisin concentrations above the highest standare further diluted, and the results
obtained were multiplied by the dilution factor.eliminimum limit of detection of the kit was

0.025 mg kg and all samples were analyzed in duplicates.
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Fig. 1 Maize seed sample collection areas and agroecalogones of Ethiopia from which

F. verticillioides isolates obtained.

Statistical analysis

Statistical analysis, for comparison of fumonisinguction by thd-. verticillioides isolates,

was performed using SPSS version 22 (IBM SPSSs8tati22, Chicago, lllinois). One
sample T-test (P < 0.05) was used to compare ttaa fuamonisin production between the
test isolates and the South African reference tiso(MRC826). Descriptive statistical
analyses were employed to summarize mean fumonemls per study area and

agroecological zones.



Results

All the 80F. verticillioides isolates analyzed in this study were able to ®gi#e fumonisin,
when grown on autoclaved maize kernels, but thene wariation in their ability to produce
the toxin (Table 2). One sample T-test analysieaéd significant variation (p < 0.025) in
fumonisin production potential among tle verticillioides isolates in Ethiopia. Total
fumonisin production of the isolates ranged fro@60o 38 mg of the toxin per kg of culture
material (fungal biomass and maize kernels). Theas also substantial variation in total
fumonisin production among isolates collected fithi same geographic area. For example,
among isolates obtained from Sire area, isolates®b2 produced the highest amount of
fumonisin (38 mg kg) of all isolates tested, while isolates SR-3138 8R-6351 from the
same area produced very low level of fumonisinydhb6 mg kg and 1.82 mg kg,
respectively (Table 2). Pronounced variation in dmisin production was also observed

among isolates collected from the other areas.

The mean fumonisin level produced by isolates fi@ihe, Dedessa, and Hawassa were
higher than the level produced by isolates obtafneth the others areas. For isolates from
Gibe, the fumonisin levels ranged from 7.84 to 81y kg (mean 21.4 mg k9, isolates
from Dedessa ranged from 9.6 to 24.96 mg ki@ mg kg') and isolates from Hawassa
produced 1.33 to 34.1 mgkdumonisin, with mean 16.6 mg £gOn the other hand, isolates
from Bedele and Melkassa produced only low amotifitrmonisin. Fumonisin production
by isolates from Bedele ranged from 0.95 to 1.5kmg(mean 1.2 mg ké), likewise isolates
from Melkassa produced fumonisin in the range 26@o0 1.97 mg kg and mean of 1.5 mg
kgt (Table 3).

Under the culture conditions employed in this stually EthiopianF. verticillioides isolates
showed significantly (p < 0.001) lower fumonisinoguction than the South-African
reference isolate (MRC826). Observed differencesevie the range of 60 % - 99.7 %
compared to the reference isolate. Generally, ated fumonisin produced by some Bf
verticillioides strains isolated from kernels of maize of Ethiop&s quite low, since 35 % of
the isolates produced fumonisin levels < 2 mg.kgnly 25 % of the total isolates produced

above 20 mg k¢ fumonisin (Table 2).



Table 2. Total fumonisin levels produced undawitro by differentF. verticillioides isolated

from kernels of maize grown in Ethiopia.

Isolate Source Fumonisin Isolate Source Fumonisin
name area (mg kg) @ name area (mg kg?) @
AG-122 Agaro 1.82 AW-412 Hawassa 5.42
AG-131 Agaro 10.29 J-332 Jimma 8.40
AG-411 Agaro 1.26 J-512 Jimma 18.88
AG-431  Agaro 34.86 J-541 Jimma 23.22
AG-6632 Agaro 5.87 J-6811 Jimma 0.71
AB-6921 Alaba 4.61 KM-131  Kemmisse 4.94
AB-6821 Alaba 1.95 KM-142  Kemmisse 2.79
AB-522 Alaba 10.14 KM-313  Kemmisse 27.9
AL-6111  Alamata 35.91 KM-322 Kemmisse 6.83
AL-4432  Alamata 1.87 KM-351 Kemmisse 4.32
AL-3443 Alamata 1.87 KR-231 Korem 24.80
AL-6811 Alamata 1.71 KR-252 Korem 11.87
AL-5843  Alamata 11.23 KR-6743  Korem 3.129
AM-212  Ambo 1.36 MC-212 Maichew 1.38
AM-6552 Ambo 2.73 MC-234 Maichew 12.68
AM-6444  Ambo 24.8 MC-422 Maichew 12.22
AR-212 Dedessa 24.96 MC-112 Maichew 1.95
AR-6441 Dedessa 22.88 MC-431 Maichew 33.81
AR-312 Dedessa 9.60 ML-313 Melkassa 1.71
BK-1122 Bako 0.60 ML-6341 Melkassa 1.82
BK-2734 Bako 8.64 ML-6533 Melkassa 1.97
BK-6521 Bako 31.29 ML-6842 Melkassa 0.25
BK-3741 Bako 11.34 NK-112 Nekemte 9.42
BD-112 Bedele 1.57 NK-242 Nekemte 23.68
BD-331 Bedele 0.95 NK-432 Nekemte 10.24
BD-413 Bedele 1.14 NK-6232 Nekemte 1.62
BD-422 Bedele 1.03 NK-6633 Nekemte 25.60

a fumonisin concentration in mg of the toxin perdfgculture material (fungal biomass and
maize kernel), (p < 0.001).
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Table 2. (Continued)

Isolate Source Fumonisin Isolate Source Fumonisin
name area (mg kgt) @ name area (mg kg?) @
DS-121 Dessie 0.99 S-3133 Sire 0.66
DS-132 Dessie 2.16 S-322 Sire 22.88
DS-322 Dessie 0.92 S-6351 Sire 1.82
DS-693 Dessie 37.38 S-6952 Sire 38.01
GD-6351 Gedeo 10.27 WS-112  Welayta-Sedo  3.32
GD-6531 Gedeo 2.67 WS-6232 Welayta-Sedo 1.70
G-112 Gibe 7.84 WS-121  Welayta-Sedo  4.56
G-421 Gibe 33.54 WS-6332 Welayta-Sedo  23.20
G-61011 Gibe 30.08 Z-111 Ziway 34.02
G-6331 Gibe 14.09 Z-311 Ziway 1.77
AW-121  Hawassa 18.48 Z-6812 Ziway 4.31
AW-222  Hawassa 34.10 Z-512 Ziway 5.96
AW-231  Hawassa 18.88 MRC-826 South Africa  95.5
AW-314  Hawassa 1.33 Control Melkassa-4 < 0.025

a fumonisin concentration in mg of the toxin perdfgculture material (fungal biomass and
maize kernel), (p < 0.001).

When the data were combined and analyzed accorndirtje agroecological zones of
Ethiopia, highest mean total fumonisin producticasvebserved in isolates originated from
the warm, sub-humid lowlands (21.4 mg*kgfollowed by isolates from the warm, moist-
lowlands with (13 mg k) (Fig. 2). Isolates from the warm sub-moist lovdamproduced the

lowest amount of fumonisin (mean 6.4 mg'kgFig. 2).

Discussion

The present study revealed a widespread occurddriagenonisin producings. verticillioides
strains in maize in Ethiopia. All the 80 isolatested were able to produce fumonisin, when
cultured on maize kernels. These findings are ireegent with results from a previous study
in Mexico (Reyes-Velazqueat al., 2011), who reported that dfl verticillioides isolates

obtained from maize were able to produce fumonlskewise, allF. verticillioides isolates,
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grown on sterile rice grain, analyzed in BrazilRychaet al. (2011) produced fumonisimB
In contrast, Covarellet al. (2012) analyzed fumonisin production by B5verticillioides
isolates in Italy, and 20 % of them did not proddegectable level of the toxin. In Kenya
Alakonyaet al. (2008) observed that 26 % of tReverticillioides isolates did not produce
detectable level of fumonisin.

Table 3. Summary of fumonisin production I5y verticillioides strains isolated from kernels
of maize produced in different areas of Ethiopia.

Isolate source-  Agroecological Number of Fumonisin levels (mg kY

area zone? isolates tested Range Mean
Agaro SH 5 1.26 — 34.86 10.8
Alaba SH 3 1.95-11.98 4.0
Alamata SM 5 1.22-35.91 10.4
Ambo Ms 3 1.36 - 24.8 9.6
Bako ShH 4 0.60 — 31.29 13.0
Bedele H 4 0.95-1.57 1.2
Dedessa ] 3 9.06 — 24.96 19.0
Dessie M 4 0.92 — 37.38 10.4
Gedeo M 2 2.67 —10.27 6.5
Gibe ShH 4 7.84 —33.54 21.4
Hawassa M 5 1.33-34.10 16.6
Jimma H 4 0.71-23.22 12.8
Kemmisse M 5 2.79-27.90 9.36
Korem SM 3 3.13-24.80 13.3
Maichew SM 5 1.38 -33.81 12.4
Melkassa SM 4 0.25-1.97 15
Nekemte SH 5 1.62 — 25.60 14.0
Sire ShH 4 0.66 — 38.01 15.8
Welayta-Sedo St 4 1.70 - 23.20 8.2
Ziway SH 4 1.77 — 34.02 11.5
MRC826 - 1 95.5 95.5
Untreated control - - <0.025 <0.025

aAgroecological zones- # Tepid humid mid-highlands; i Warm moist lowlands; M
Tepid moist mid-highlands; SHWarm sub-humid lowlands; SHTepid sub-humid mid-
highlands; SM: Warm sub-moist lowlands; SMCool sub-moist mid-highlands (Source:
MoARD, 2005).
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Fig. 2 Fumonisin production b¥. verticillioides isolates from kernels of maize grown in
different agroecological zones of Ethiopia. Datanir20 areas are summarized into their
respective agroecological zon&sgroecological zones- #Tepid humid mid-highlands; M
Warm moist lowlands; M Tepid moist mid-highlands; SHWarm sub-humid lowlands;
SHs: Tepid sub-humid mid-highlands; SMNVarm sub-moist lowlands; SMCool sub-moist
mid-highlands (Source: MoARD, 2005).

A wide-ranging variation in the fumonisin productiability of theF. verticillioides isolates
was observed in this vitro study, because some of them synthesized the &bxiary low
levels (0.25 mg kd), while other isolates produced as high as 38 mpd{ the toxin. The
detected variation in fumonisin production amorgates could be due to variation in the
inherent genetic characteristics of the isolatesviBus molecular studies Bf verticillioides
isolates revealed a positive relationship betwdenRUM gene cluster and fumonisin
production (Picott al., 2010; Sagararet al., 2006). The amount of transcription products
from the keyFUM genesFUM1, FUM21 andFUMS positively correlates with fumonisin
accumulation, but disruption of these genes resaltsignificant reduction in fumonisin
production (Fanellet al., 2013; Sagararet al., 2006). Additional genes outside thelM
gene cluster are also known to regulate fumonisisyimthesis, including=CC1, FCK1,

PAC1, ZFR1 andGBP1 (Sagaranet al., 2006). According to (8pien et al., 2011) inter and
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intraspecific variation in fumonisin production Bysarium species can be explained by a

high level of sequence variation inside FéM gene cluster.

Fumonisin production bf. verticillioides isolates can also be influenced by several factors
including temperature, water activity, pH, oxygerd autrient composition of the substrate.
If conditions are not optimal, the fungus will ramhieve the maximum of its genetic potential
in synthesizing the toxin. Pervious, vitro studies indicated that the optimal conditions for
growth ofF. verticillioides and fumonisin production are water activity of 0té 0.99 a and
temperatures between 25 °C to 30 °C (Fareli., 2013; Marinet al., 1999). Fumonisins
are not produced at temperature less than 10 °Qvatet activity levels below 0.93 (Marin
et al., 1999). Variable levels of fumonisin productioave been observed in liquid (Myro
medium) and solid medium (maize and rice pattids¢nwusing the sante verticillioides
isolates, while isolates that produced high le¥¢he toxin in solid media could not produce
similar levels in liquid medium andce versa (Vismer et al., 2004). For this reason, the
authors suggested that conditions for fumonisirsyomthesis should be optimized for each
individual strain. Nutritional factors of the sutage, on which the fungus is cultivated, has
also been reported to be an important factor inofiuigin biosynthesis. A positive association
has been found between sugar concentration (efigemmylopectin) as well as nitrogen
starvation with regard to fumonisin production @Riet al., 2010). Well-aerated conditions
are reported as important factors for fumonisirsiathesis. The culture substrate to container
volume ratio used in the present study (100 g pee&800 mL jar) is quite high. This probably
makes the culture stuffy, and it does not provielesugh air circulation for the fungal growth
in the interior of the culture, which may negatwaffect fumonisin biosynthesis. La Baats

al. (1994) reported lower FBoncentration after 3 weeks incubation than afteegks, and
this difference in toxin level has been attributedhe decrease of oxygen during incubation.
Under oxygen limited conditions, reduced fungakgitoand fumonisin production have been
reported (Kelleet al., 1997).

The presence of highest fumonisin producing iselat@mpared to others across all areas
investigated in Ethiopia, demonstrated that thdribdigtion of fumonisin producing-.
verticillioides strains is not linked to specific geographic regioPotent strains appear wide
spread and uniformly distributed all over the Epfgm maize growing areas. The observed
variation in fumonisin production b¥. verticillioides isolates obtained from the same

geographical areas is in accordance with the weebliined by others (Alakonghal., 2008;
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Covarelliet al., 2012; Rochat al., 2011). However, the levels of fumonisin obserirethis
study are lower compared to those reported in Uggidukwaseet al., 2012), in South
Africa (Vismeret al., 2004), in Italy (Covarelkt al., 2012) and in Mexico (Reyes-Veldzquez
et al., 2011). Depending on the criteria of Nelsbral. (1991),F. verticillioides strains can
be categorized into three groups, high fumonisatpcers (above 500 mgKy intermediate
(50 mg kg to 500 mg kd) and low producers (trace to 49 mglkgBased on the above
criteria, all of the strains isolated from maizerads in Ethiopia and tested in this study are

low fumonisin producers.

Fumonisin levels produced by a substantial numibeheF. verticillioides isolates in the
present study were very low, with 35 % of the issdaproducing < 2 mg Kg This may
indicates that the fumonisin contamination of mareduced in Ethiopia may be generally
low. This seems in line with previous observationade on the natural occurrence of
fumonisin in maize samples of Ethiopia. In 100 rmaamples from Southern Ethiopia Alemu
et al. (2009) found mean fumonisin level of 1.68 mgtkgyalew (2010) analyzed fumonisin
levels in 17 maize samples mainly obtained fromté&asEthiopia and only four of them
contained fumonisin levels ranging from 0.3 - 2.4 rkgl. However, fumonisin
contamination of natural samples could vary yeayear depending on the climatic and
ecological situation. Under field condition, warentperature and low precipitation after
silking are favorable environmental conditions Fowerticillioides infection and subsequent
fumonisin contamination of maze kernels (Miller02). Stressful environmental conditions
during growth such as drought stress increasestirsivity and compromise host plant
defenses against pathogens, which leads to eleletets of fumonisin contamination in
kernels (Miller, 2001; Picodt al., 2010). Late season rainfall at the time of hsirvas also
been positively associated with verticillioides infection and fumonisin contamination
(Sagaranet al., 2006).

In conclusion, the results revealed that fumongmiaducingF. verticillioides strains are
widely distributed in the maize growing areas ihigpia. Although the amount produced by
several isolates is generally low, the widespreeadtence of fumonisin producing strains
indicates that the risk for food safety should b@twnderestimated, taking into consideration
the fact thaf. verticillioides is the most frequently isolatdeusarium species from kernels
of maize in Ethiopia. The amount of fumonisin proeld may become higher when stressful

environmental condition prevails, which is moretablie for toxin production. Climate
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change effects such as increased temperature raitddiwater availability may stress host
plants and favour growth of mycotoxigerkcverticillioides strains.In vitro data on fungal
growth and mycotoxin production may not relate diseto the situation in the field, thus, the
ability of these isolates to synthesize fumonisider field condition need to be investigated
further, taking into consideration the diversity mfize cultivars and the agroecological
conditions in the maize growing areas of Ethiofies very important to prevent introduction

of more toxigenic strains with germplasms from aloko
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Abstract

Fusarium ear rot of maize caused mainly Bysarium verticillioides is a major concern to
maize production worldwide due to contaminatiogmaiins with fumonisin mycotoxin, which
have been associated with various toxicoses of @riand humans. Maize cultivars with
adequate level of resistance are the best alteen@timinimize the problem. The objective of
this study was to find sources of resistancEusarium ear rot and fumonisin accumulation
in maize germplasm. In total 15 maize cultivarainly recommended for the medium to
limited rainfall areas were evaluated by meanslbfchannel inoculation using a fumonisin
producingF. verticillioides isolate in field trials during 2013 and 2014. Tpercentage of
visible symptoms and mycelium coverage on the itaded ears was rated at harvest (0 - 100
%), and fumonisin content was quantified using cetitipe Enzyme Linked Immunosorbent
Assay (ELISA).Fusarium ear rot severity and fumonisin content were sigaiftly higher in
2013 than 2014. The percentage of visible infe&tels per ear after inoculation, ranged
from 5 % to 60 % in 2013 and from 3 % to 40 % iri20Fumonisin accumulation in maize
cultivars ranged from 2.7 to 76.3 mgkgmean 33.3 mg kg) in 2013 and from 1.8 to 52.7
mg kg! (mean 23 mg k) in 2014. Fumonisin content was positively cotedawith ear rot
severity (r = 0.924, p < 0.001) and (r = 0.908, @B01) in 2013 and 2014, respectivalie
fifteen tested maize cultivars differed signifidgnfp < 0.001) inFusarium ear rot severity
and fumonisin accumulation. The six cultivars, vBerihu, Melkassa-7, Melkassa-2,
Melkassa-4, MHQ-138 and BHQP-542 had the lowesbfuisin content over the two years
trial. Overall results of this study indicated hresence of potential sources of resistance to
Fusarium ear rot and fumonisin accumulation in the Ethiopiaaize germplasm. Cultivars
that showed low disease severity are useful indingeprograms aiming at developing

cultivars with higher resistance Fasarium ear rot and fumonisin accumulation.

Keywords. Maize,Fusarium verticillioides, Fusarium ear rot, fumonisin



I ntroduction

Maize (ea mays L.) is the most important cereal crop producedsimallholder farmers in
Ethiopia, and is cultivated throughout the couningler different agroecological conditions.
Total estimated maize production by small-scalmé&s in Ethiopia in 2014 was 7.2 million
tonnes, and the area planted with maize in the saae was estimated at 2.1 million ha
(FAO, 2014) Fusariumverticillioides (Sacc.) Nirenberg is the most common fungal pathog
associated with maize grains in Ethiopia (AyaleWl@ Wubet and Abate, 2004). This
fungus can infect the maize plant at all growthggisacausing ear rot, stalk rot and root rot
(Logriecoet al., 2002; Mesterhazgt al., 2012).Fusarium verticillioides infection in maize
kernels often occurred between the blister stagetlae dough stage depending on location
and year (Picogt al., 2011). Severe prevalence of maize ear rot is &sdcwith reduced
grain yield and quality (Presel& al., 2008). However, the main implication associateithwi
F. verticillioides infection of maize is the contamination of grawigh harmful mycotoxins,
known as fumonisins (Logriec# al., 2002; Mesterhazgt al., 2012). The contamination of
grains by fumonisin is of great concern worldwideause it can lead to serious intoxications
in humans and domestic animals @klawicz et al., 2012). It is now well recognized that
fumonisins may cause leukoencephalomalacia in bBdiidarasast al., 1988), pulmonary
edema and hydrothorax in pigs (Harrissral., 1990), and are nephrotoxic and hepatotoxic
in laboratory model animals (Gelderbl@al., 1996). In humans, consumption of fumonisin-
contaminated maize has been implicated for elevedeghageal and liver cancer (Sal.,
2007), and neural tube defects (Missraieal., 2006). Taking into consideration the risk it
bears to human and animal health, several countiies geographical regions have
established guidelines for maximum tolerable liofifumonsin in maize products intended
for human food and animal feed (FDA, 2001; EC, 2007

In order to reduce the potential health hazard @atad with consumption of fumonisin-
contaminated grains, effective management of theadie at field level is required. Currently
there are no effective control strategies availabaeventusariuminfection and fumonisin
accumulation in maize grains. Chemical controlfiemineffective as the fungus transmits
vertically from seed or soil to the plant (Munkvadtal., 1997) and it may also lead to
selection of new strains of the pathogen with tesise to fungicides. Cultural methods such
as physical removal of infected plant derbies, cotation, and manipulation of planting time

may reduce the disease to some extent, but daoatle sufficient control (Fandohaal.,
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2004; Munkvold 2003). Breeding féfusarium resistant maize cultivars and cultivation of
these seems to be the most promising option fotraiing Fusarium ear rot disease and
reduce the risk of fumonisin-contaminated grainesiRance td-usarium infection and
fumonisin accumulation exists among maize lines,High or adequate level of resistance
may not be present in commercial hybrid cultivéiief et al., 2008). Many of the improved
maize cultivars are derived from a relatively narmaize genetic pool, and do not appear to
provide adequate level of resistance (Nelsbal., 2008). However, older locally adapted
public germplasm may be an important source oktasce for this widespread pathogen.
Significantly high variation in resistance Eusarium ear rot and fumonisin accumulation
among maize germplasms have been reported in pie\studies (Afolabiet al., 2007,
Clementset al., 2004; Schjgtlet al., 2008; Smalkt al., 2012).

Screening based on phenotypic traits related isteexe could be advantageous since it is
cheaper and faster than mycotoxin analysis. Phpiwtiraits associated with ear rot
resistance includes maturity (Battilaatial., 20008), husk covering and tightness (Butebn
al., 2006; Warfield and Davis 1996), as well as lengftithe silk channel (Bolduaet al.,
2009). Fumonisin concentrations are often much drigh symptomatic kernels than in
asymptomatic kernels (Desjardies al., 1998). Thus, reduction in the proportion of ear

surface area infected, may relate to resistan@i@onisin accumulation.

Fusarium ear rot epidemics are sporadic in nature and dessagerity strongly influenced by
the climatic conditions. For this reason, natunf¢ction do not always give sufficient and
homogeneous symptom development for adequatelgrdiifiating phenotypic variation in
resistance t&. verticillioides (Mesterhazet al., 2012). Artificial inoculation often enhances
disease severity but may reduce the variation witié treatments by ensuring high inoculum
pressure compared with natural infection (Afolkettal., 2007; Celementt al., 2003; Schjgth

et al., 2008). Resistance tests frequently uses artifio@tulation at the susceptible, the R
(blister), plant growth stage (Celemeaditsl., 2003) to ensure adequate infection and uniform
distribution of the pathogen among plants throughiog field. Inoculation by penetrating the
husk with pin bars or injecting inoculum down thik ghannel have been used as suitable
methods to discriminate between different levelsesistance t&. verticillioides infection
and fumonisin accumulation in maize cultivars (E#eal., 2008; Mesterhazgt al., 2012).
The husk penetration mimics the natural mode ofdlientry into ears via wounds formed

by insects or birds. The silk channel infection meenspores deposited and germinating
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through the silk channel (Elleat al., 2008). Previous studies have shown that data from
natural infection and artificial inoculation coraé&ts well when silk channel inoculation is
used (Mesterhézst al., 2012). Besides, the predominant pathway for meéenfection by
Fusarium species is the silk infection (Mesterhaglyal., 2012), therefore, artificial silk
inoculation might be the appropriate method for leating genetic resistance tb.

verticillioides infection and fumonisin accumulation.

In order to incorporate resistance to ear rot amdohisin contamination into agronomical
elite maize cultivars, identification of cultivavdth adequate resistance level is crucial. In
Ethiopia, very little information is available reding the resistance level of maize cultivars
to Fusarium ear rot or fumonisin contamination, as maize dgwelent program mainly

focuses on total yield advantage. Therefore, thgotibe of this study was to assess
differences in Ethiopian maize cultivars for remigte toF. verticillioides infection and

fumonisin accumulation after artificial inoculatioand to select maize cultivars with good

level of resistance.

Materials and Methods

Field study site

This study was conducted during the rainy seas@018 and 2014 at the experimental field
site of Mekelle University main campus, northerhigpia (Fig. 1). The site is located at 13°
29’ N latitude and 39° 30’ E longitude, at an allié of 2130 m above sea level. Semi-arid
climatic condition with short growing season, eéoand low amount of rainfall is general
characterize of the area. The average annual Haimfabout 600 mm, and most of the rain
(70 — 80 %) falls in the main crop-growing seasaneJthrough September (Aragaal.,
2011). The mean annual minimum temperature is abh@utC, while the mean annual
maximum temperature is 28 °C. The soil type aetherimental site is Cambisols with silt-

clay texture (Arayat al., 2011).

Planting materials and experimental design

Fifteen maize cultivars, eight open pollinating q@msites, five hybrids, one local landrace

and one ear rot susceptible inbreed line were atedifor resistance teusarium ear rot and
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fumonisin accumulation caused By verticillioides. The susceptible inbred line, with low
resistance (NSCM411881(32)), was chosen on the bégis previous history, as one of the
maize hybrid (BH541) developed from this parentariat was withdraw from the production
system due to its susceptibility to ear rot (Peasocommunication with Mr. Brhanu
Taddesse, coordinator of National maize developnpeogram in Ethiopia). The maize
cultivars were very heterogeneous in terms of gtenght, days required to maturity as well
as kernel characteristics such as texture and ¢bédnle 1).

Mekelle,the study site

Ethiopia in Africa Tigray in Ethiopia

Fig. 1 Map of Ethiopia and Mekelle the study site for tiedd experiment.

The experiment was conducted using randomized ampblock design with three
replications. Each cultivar was assigned to thietsphat were 3 m long and 4.5 m wide with
5 rows per plot (spacing 0.75 m between rows a8 th between plants). At the time of
planting, two seeds were placed per planting hotetaro week after emergence, plants were
thinned to one plant. In total, there were 55 @amér cultivar per plot. The trials were
fertilized with Phosphorous §s) and Nitrogen (N) fertilizers at a rate of 46 kag'land 64

kg hal, respectively. All the P and one-third of the Nrevapplied at planting; and the rest of

N was applied as top dressing two times, approximaat 4 and 6 weeks after crop
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emergence. Supplemental irrigation was applied @ecenveek via furrow irrigation at the
end of the growing season when the rain declireegravide sufficient soil moisture to allow

the plants to come to a complete development stage.

Table 1 List of the maize cultivars evaluated for resis@atoFusarium ear rot and fumonisin

accumulation, and some of their agronomic charesties

Cultivar Daysto  Seed Grain texture  Type
Maturity 8 color
Melkassa-2 130 white Semi-dent OoPV
Melkassa-3 125 white Semi-dent OoPV
Melkassa-4 105 white Semi-dent OoPV
Melkassa-5 125 white flint OoPV
Melkasa-6Q 120 white Semi-flint OoPV
Melkassa-7 115 yellow Semi-flint OPV
MH-130 120 white Semi-dent Hybrid
MHQ-130 140 white Semi-dent Hybrid
BH-140 145 white Dent Hybrid
BH-540 145 white Dent Hybrid
BHQP542 138 white Semi-dent Hybrid
Gibe-1 145 white Semi-dent OPV
Gibe-2 116 white Semi-flint OPV
Berihu 90 yellow Semi-flint Local landrace
NSCM-411881(32) 145 white Semi-flint Inbred line

8: data from national average, OPV= open pollinaidtvar

Preparation of fungal inoculum and inoculation of maize ears

Plants were inoculated with inoculums preparethfoulture ofF. verticillioides (SR-6952)
to ensure better infection and disease developridig.isolate was obtained from infested
grain of maize in the Sire area, central-westetdpia and it was chosen for its ability to
produce highest amounts of fumonisin unideritro testing. The isolate was grown on Mung
bean agar plates for good spore production (Dilckjeet al., 2003). Cultures were incubated
at 23°C+2 °C under alternating 12 h of near ultobketiwhite light and darkness (12 h) for 10



days. The inoculum were prepared by washing coriidia the surface of the agar media
using sterile distilled water, and the resultingrgpsuspension was filtered through two layers
of cheesecloth. The obtained spore suspension eager using a Kova glasstic slide and
spore concentration was adjusted to 1 %cb@idia mL? using sterile distilled water amended
with Tween 20 surfactant (polyoxyethylenesorbitabniaurate; Sigma-Aldaich, St. Louis
Missouri) at a rate of 0.2 mL litet. Ten plants were randomly selected in each phat,the
primary ears of the plants were inoculated with 4 eonidial suspension through the silk
channel at the blister gRgrowth stage, using a hypodermic needle and ggr{folabiet

al., 2007; Clementst al., 2003). After inoculation, maize ears were sprayéith sterile
distilled water, and covered with paper bags tonta@m high humidity and to protect the

inoculum from being washed off by rain or driedtbgh daytime temperature.

Disease assessment and collection of other agronomic data

At the time of harvest, the inoculated ears werapacked separately, husk-leaves carefully
removed, and evaluated immediately for severitgaf rot symptoms. The severity Bf
verticillioides infection was visually assessed by determiningpnreentage (0 - 100 %) of
each ear surface covered by visible symptoms a@édLimfestation such as kernels displaying
rots, discolorations (darkened, brown, pinkishretaand white mycelial growth on kernels
(Clementset al., 2004; Smallet al., 2012). After rating, ears were dried naturally to
approximately 15 % grain moisture content, handlstiend bulked by plots. From this bulk
samples, subsamples of 100 g grains from eachwamd retained for subsequent fumonisin

analysis.

The number of days from planting to 50 % silkingswaeasured based on the registered
number of days between planting and silk emergendwalf of the plant population in a plot.
Besides, agronomic parameters such as plant heggd, weight and grain yield was recorded

per each plot.

Climatic data

Climatic data such as rainfall and temperature ifmim, maximum) were obtained from the

nearest Meteorological station to the experimefi¢dd (Mekelle University, about 300 m



away). Summary of the monthly climatic data for gtedy site during 2013 and 2014 is
presented in Fig. 2.
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Fig. 2 Weather data (annual rainfall, mean temperatwedrded from the meteorological
station near the study site in 2013 and 2014. Bgmesent annual rainfall and lines represent
mean temperature. * Month; Jan: January, Feb: epriviar: March, Apr: April, Jun: June,

Jul: July, Aug: August, Sep: September, Oct: OatoNev: November, Dec: December.

Fumonisin analysis

Grain subsamples (100 g) from inoculated ears o @éot were grinded, using a laboratory
mill (IKA “-Werke, GmbH & Co. KG., Germany), and passed thncaid mm mesh sieve.
Fumonisin was extracted from 5 g powder samplesgu@b mL of 70 % methanol with
shaking (1000 rpm) for 3 min. The extracts wererfédd through a Whatman no. 1 filter paper
and fumonisin content in the samples was determinsthg an Enzyme Linked
Immunosorbent Assay(ELISA) kit (RIDASCREENFumonisin, R-Biopharm AG,
Darmstadt, Germany) according to the manufacturgrssruction. The absorbance was
measured using a microplate reader at 450-nm, ambrfisin content of samples were
evaluated using the RIDASOFT Win software (Art. Nr. 29999, R-Biopharm AGaibnstadt,
Germany). The minimum detection limit of fumonisiancentration in the kit was 0.025 mg
kg®. If the samples exceeded the highest detectioit (2 mg kmt') they were further

diluted with the solvent, and the results were iolei by multiplying with the dilution factor.



All samples were analysed in duplicates and theQAd® readings in the duplicates were

averaged.

Statistical analysis

Severity ofFusarium ear rot, fumonisin content in grains and datagmonomic performance
of maize cultivars were analysed using the MIXgcedure of Statistical Analysis System
(SAS) software (SAS institute, Cary, NC), with oudrs as fixed effects and blocks as
random effects. When there was no significant atton between traits of interest measured
on cultivars and the year in which cultivars growambined analysis were performed and
results for both years presented together. Difiesiibetween cultivars were determined with
Fisher's protected least significance (LSD) tesatedDon ear rot severity, and fumonisin
content were natural log transformed to achieveiamae homogeneity and normal
distribution of residuals. Pearson’s correlationeftioients were determined for the
relationship between ear rot severities, days td@®@ilking, grain yield and fumonisin

concentration based on the non-transformed tredtmeans.

Results

The disease severity ¢fusarium ear rot on different maize cultivars inoculatedhna
fumonisin producing-. verticillioides strain in 2013 and 2014 is summarized in Fig.t&e T
Fusarium ear rot severity was significantly influenced eay (p < 0.012) and maize cultivars
(p < 0.0001)Fusarium ear rot severity was significantly lower in 20bén in 2013. In 2013,
ear rot severity ranged from 4.9 % to 60.3 %, withan ear rot of 30 %; while in 2014, maize
ear rot severity ranged from 2.8 % to 40.2 % (nad0 % rot on the cobs). Cultivars Berihu,
Melkassa-7, Melkassa-2, Melkassa-4 and MHQ138 lagdistently lower disease severity

(< 20 % rot on ear) over the two years trial (By.
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Fig. 3 Fusarium ear rot disease severity in maize cultivars ingkgerimental field at

Mekelle, in 2013 and 2014; vertical bars represgmdard error of the mean.

The total fumonisin content of maize cultivars ialated withF. verticillioides, in 2013 and
2014 is illustrated in Fig. 4. Fumonsin content wéscted significantly by year (p < 0.018)
and maize cultivars (p < 0.0001). Fumonisin contemaize grains ranged from 2.7 to 67.7
mg kg in 2013 with a grand mean of 33.2 mg-kagnd from 1.8 to 52.7 mg kgin 2014
with a grand mean of 23.1 mg KgMaize cultivars with low level of fumonisin in toyears
include the local landrace Berihu, Melkassa-2, Me#ia-7, Melkassa-4, BHQP542 and
MHQ-138 with mean concentrations of 2.3 to 17.3knd (Fig. 4). The majority of cultivars
that showed best resistanceRoverticillioides are early maturing type, except BHQP542,
which is a late maturing type. Ranking order of samaize cultivars differed between years
in their responses to ear rot and fumonisin comation. In 2013, highest amount of
fumonisin accumulated in grains of cultivar Gibé#6.3 mg kg'), NSCM-411881(32) (67.8
mg kg1) and BH-140 (58.7 mg kd). While in 2014, the highest fumonisin content was
recorded on cultivar Melkassa-5 (52.7 mgRgfollowed by MH-130 (51.4 mg kg) and
NSCM-411881(32) (48.9 mg k§ (Fig. 4).
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Fig. 4 Total fumonisin contamination in grains of diffatenaize cultivars inoculated with
Fusarium verticillioides in Mekelle, in 2013 and 2014; vertical bars représtandard error
of the mean.

Agronomic performance data from the two years weenrabined, and analysis of variance
(ANOVA) indicated highly significant variation amgrcultivars for earliness (days to 50 %
silking), plant height, thousand seed weight aradrgyield. In terms of earliness, the open
pollinated cultivars Berihu, Melkassa-7 and Mellea8svere selected as the best cultivars for
the testing area. While maize cultivars Gibe-1, BH&A12, BH-540 and BH-140 were late in
terms of days required to reach 50 % silking angsfthogical maturity (Table 2). Hybrids
BHQP-542, BH-140 and BH-540 were more superior fiairgyield compared to other
cultivars, with mean grain yield of 7.73 tonnesth@.72 tonnes haand 7.64 tonnes Ha
respectively (Table 2). These cultivars could lmnemended for irrigated agriculture in the

study area.
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Table 2 Agronomic performance of maize cultivars testetizkelle, combined data for
2013 and 2014

Maize cultivars Plant height Days to midsilk 1000 seed Yield
(cm) (DAP) weight (g)  (tonnes ha)
Melkassa-2 164.3d 100.5d 344.7e 4.80d
Melkassa-3 161.2de 92.0e 364.4cd 4.5de
Melkassa-4 161.3de 99.0d 345.5e 4.26ef
Melkassa-5 163.8d 105.8c 360.0de 4.10f
Melkasa-6Q 162.0de 109.5¢ 308.5f 4.61de
Melkassa-7 153.7f 81.7f 301.0f 3.96f
MH-130 157.3ef 106.0c 354.5de 5.96c
MHQ-138 165.8d 108.0c 352.4de 6.22bc
BH-140 211.5b 123.7a 398.0b 7.72a
BH-540 210.3b 125.0a 407.5ab 7.64a
BHQP-542 206.3b 126.0a 365.0cd 7.73a
Gibe-1 220.0a 127.8a 421.6a 6.48b
Gibe-2 198.0c 117.0b 377.8c 6.25b
Berihu 144.0g 72.89 302.0f 3.269
NSCM-411881(32) 200.0c 115.0b 397.0b 6.56b
Mean 178.6 107.4 360 5.55
LSDo.05 6.1 4.47 15.78 0.398
CV (%) 2.97 3.6 3.8 1.3
p-value 0.0001 0.0001 0.0001 0.0001

Within each column, means followed by the sameietb not differ significantly according
Fisher’s least significant difference test (LSD)0ad5 probability level; CV: coefficient of
variation

Fumonisin content in grains was significantly ctated withFusarium ear rot severity both
in in 2013 and 2014 (Fig. 5). Correlations betw&enonisin content and silking date, ear
rot severity and silking date, were small to medfomcombined data over two years (Table
3).
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Table 3 Pearson correlation coefficients (r) betw&essarium ear rot severities (FER), days
to 50 % silking and fumonisin contamination in neacultivars inoculated with.
verticillioides (combined data for 2013 and 2014)

FER?® 50 % silking Fumonisin
FER 1
50 % silking 0.627** 1
Fumonisin 0.918** 0.519** 1

a8Fusarium ear rot severity, ** significant at p < 0.001
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Fig. 5 Fusarium ear rot severity and associated fumonisin conagatrin 15 maize
cultivars inoculated witlf. verticillioides in 2013 (A) and 2014 (B), in Mekelle.
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Discussion

In the present study, maize cultivars commonly growthe medium rainfall to moisture-
limited areas of Ethiopia were evaluated over tearg, with the aim to identify cultivars that
are resistant toFusarium ear rot and fumonisin accumulatioMaize cultivars with
consistently low or high ear rot disease severity fumonisin accumulation in grains were
identified in the two years of inoculation trialdaize cultivars Berihu, Melkassa-7,
Melkassa-2, Melkassa-4, MHQ-138, BHQP-542 and Msdke6Q had low ear rot disease
severity and subsequently low fumonisin leveldalt, these cultivars display 59 % to 96 %
lower fumonisin levels than the most susceptiltle (NSCM-411881(32)). This indicates the
existence of potential resistance genes ag&ngrticilloides and the toxin it produces, in
themaize germplasms of Ethiopia. These cultivars meaynportant as sources of resistance
to F. verticillioides for introduction into advanced breeding prograassthis pathogen is the
most common fungal pathogen associated with maiasng in Ethiopia (Ayalew, 2010;
Wubet and Abate 2004). Resistance té&usarium ear rot is a polygenic in nature,
quantitatively inherited with additive gene acti@lementset al., 2004), with moderate to
high heritability (Robertsoest al., 2006). Thus, it is possible that alleles for regise can be
transferred from donor populations into maize etigerials (Clements al., 2004). Elleret

al. (2010) has demonstrated the usefulness of backchwseding for transferring
guantitatively inherited disease resistance tfests an agronomical poor line (GE 440), into
an elite commercial inbred line (FR 1064) withogingficantly affecting the yield potential

of the latter.

Fusarium verticillioides established infection in all maize cultivars saddand none of the
cultivars tested were free from fumonisin contartiora Some cultivars (8 out of 15) tested
in this study exhibited consistently moderate tghiear rot severity (mean 30.1 - 50.3 %) and
fumonisin content (mean 29.2 - 58.4 mgkgcross the two years of inoculation experiment.
This may indicate that several high yielding maim#éivars widely grown in Ethiopia do not
possess high level of resistance-toverticillioides infection and fumonisin contamination.
Particularly some of the improved (high yielding)aize cultivars including Gibe-1,
Melkassa-5 and MH-130 displayed larger amount ofdoisin compared to the susceptible
line (NSCM-411881(32)) in at least one of the yeamslicating that these cultivars are
susceptible to fumonisin accumulation. The obsebweadd range of variation among maize

cultivars for resistance tBusarium ear rot and fumonisin accumulation agree well with
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previous studies by Smadt al. (2012) in South Africa, Afolabket al. (2007) in Nigeria and
Clementst al. (2004) in US.

This study indicates that late-maturing maize vals are generally more susceptible to
Fuarium ear rot and fumonisin contamination than earlyuriaty maize cultivars. This is in
agreement with findings of Battilaai al. (2008) and Loffleet al. (2010) who also observed
higher susceptibility to fumonisin accumulatiorate-maturing maize cultivars compared to
early types. This may be caused by a more slowctemuin grain moisture content in late
cultivars as water availability plays an importaoke for fungal growth (Fandohaet al.,
2004). Furthermore, fumonisin contamination is clative, so delayed or extended period
required to reach physiological maturity, can aggta the problem of infected ears, even
when some resistance to contamination is presdaténmaturing cultivars (Battilaet al.,
2008). The significant positive correlation betweslik date and fumonisin levels indicates

that maturity plays some role in resistance.

Under natural condition, fumonisin contaminatiom@dize grains is believe to be influenced
by phenotypic traits such as physical barriersitial ear infection and further spread of the
pathogen inside the ear. Morphological charactérth® ear, such as husk covering and
tightness (Butroret al., 2006; Warfield and Davis, 1996), as well as sitarnel length
(Bolduan et al., 2009) have been associated with ear rot resist@mzk fumonisin
contamination. Cultivars with good husk cover chtggstics and/or ear tips that are fully
cover by husk leaves often have reduced insect ganmReduced insect damage prevents
fungal entry and consequently minimize ear rotaeeand fumonisin contamination of maize
grains (Munkvold, 2003; Parsons and Munkvold, 2012hile cultivars with bare tip and
loose husk cover may harbor great number of ingests, and are therefore more prone to
ear rot and fumonisin contamination (Fandolearal., 2004; Mesterhdzyet al., 2012).
Physical properties of the grain pericarp suchnéact kernel, pericarp thickness and wax
content are associated with low fumonisin contatoma(Sampietroet al., 2009). Maize
hybrids with flinty endosperm characteristics hdween considered more resistant to
Fusarium ear rot and fumonisin accumulation than hybridthvadent (softer) endosperm
(Desjardinset al., 2005). However, there are contradictory reporthi® and Loffleret al.,
(2010) reported that maize inbred lines with flemdosperm characteristics are more
susceptible to fumonisin contamination than depésy Preliminary observation in this study

indicates that maize cultivars with larger spadiegween rows of kernels in the cobs, and
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cultivars with loose husk cover appears to creaitalsle condition for easy spread of the

fungus down to the bottom parts of the inoculatell c

In this study, although primary ears of all plastisdied were injected with the same quantity
of inoculum, the year of inoculation had a sigrdfice influence on disease severity and
fumonisin concentration. In 2013 mean ear rot wa8 3 and mean fumonisin concentration
33.2 mg kg, while in 2014 mean ear rot was 21.8 % and meamflisin concentration 23.1
mg kg®. This could be due to variation in weather factdise lower level of ear rot and
fumonisin in 2014 may be caused by the fact trattbather conditions were not as favorable
to the pathogen growth as in 201Busarium verticillioides infection and fumonisin
contamination may be limited under wetter and cootendition around pollination (Cas

al., 2014). As indicated in Fig. 2 temperature was @stly higher in 2013 than 2014
through the months of September to December, wirdeipitation was very low in 2013.
This indicates the prevalence of stressful weatbedition after inoculation in 2013 than in
2014 for the plant in the field. Environmental ciiimhs that result in plant stress favors
growth and pathogenicity d¥. verticillioides (Orenet al., 2003). Stress conditions such as
high temperature and low precipitation (doughtihedsring pollination and grain-filling
period have been associated with increaBedverticillioides infection and fumonisin
contamination of maize grains (Cabal., 2014; Munkvold 2003; Parsons and Munkvold,
2012). This suggests that the interaction betwherptant and environmental factors could
be important in determining resistanceRasarium ear rot and fumonisin contamination.
Shelbyet al., (1994) who evaluated the response of maize hykwiflsmonisin accumulation
across 17 different locations in the US, reporteiaificant hybrid by location interaction,
in which hybrids grown outside their adaptationganvere more susceptible to fumonisin
accumulation and they detected an increase in figinotevel as latitude of the location
decreased. Differences in longitude, maturity clasd length of the vegetative period
(growing weeks) are among the key risk factors @aged with fumonisin contamination in
maize (Battilaniet al., 2008). Low adaptation of cultivars to physiologistiess, may favor
growth of the pathogen. Thus, evaluations aiminglkdiining resistant cultivars should be
carryout over several years and over multiple emvitents to expose cultivars to a wide range

of climatic conditions.

The relationship between ear rot severity and fusmerconcentration is documented in the

scatter plots measured on individual field plotgy( A and B). A trend of simultaneous
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increase in ear rot severity and fumonisin conenbticed. The strong association between
ear rot severity and fumonsin content suggestsdéigiction for resistance to ear rot may
eventually result in resistance to fumonisin conteation in maize grains. This is in
agreement with previous studies that detected gtassociation between visible ear rot
severity and fumonisin content (Bolduetral., 2009; Clementst al., 2003; Robertsost al.,
2006). Therefore, visual rating of ear rot diseseseerity might be used as initial selection
criteria to exclude cultivars accumulating highdksvof fumonisin, because visual ear rot
rating is easier, less expensive and large numiberaze accessions can be considered for
evaluation across different locations or years. e\mv, significant amount of fumonisin may
also be produced in symptomless or in kernels wmithimal ear rot severity (Munkvolet

al., 1997). Thus, cultivars selected on the basesrafoéaating should further evaluated for
fumonisin accumulation analysis to avoid cultivaith minimal ear rot but greater fumonisin

concentration.

In conclusion, the present study has shown a leigél lof variation in resistance Eusarium

ear rot and fumonisin accumulation among the Ethiopnaize cultivars tested. The results
document the presence of certain sources of rasisteFusarium ear rot and fumonisin
contamination within the Ethiopian maize germplasiiifee cultivars that display very low
ear rot disease severity and fumonisin level maydedul for the development of resistant
maize cultivars in the maize breeding program. Gmgwhe most resistant cultivars may
substantially reduce fumonisin contamination of zeagrains in areas where ear rot disease
is most prevalent. Since the materials includedhm present study are limited, further
extensive evaluations should continue by includimgplly adapted public landraces and
hybrids currently grown in Ethiopia. This will ineaise the chances for selecting maize
material with higher resistance levels. As artiicinoculation compromises the natural
barriers to fungal infection and increased earseserity in maize cultivars, it may also be
advisable to perform the initial selection procesder natural infection in hot spot areas for

the disease.
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Abstract

The biological control potential of nativérichoderma species was assessed against a
Fusarium verticillioidesunderin vitro and field condition. The antagonistitvitro potential
was assessed in dual culture interactions. The raffsttive isolates undem vitro
antagonism were selected, and evaluated over tacs yender field condition using seed
bioprimed for their effectiveness in controllirgverticillioidesand fumonisin contamination
of maize kernelsTrichoderma species showed a wide range of variation (8.8.9 88) in
inhibiting the growth of thé&. verticillioides isolate withind days after incubatioffen days
after incubation, 67 - 96 % reduction in myceliabwth territory of the pathogen was
observed compared to the free growth in contrdéglaMaize seeds treated withichoderma
isolates reduce#. verticillioides colonization of kernels by 38.3 - 86.4 % in 201 doy
36.8 - 69.6 % in 2014 compared to plots that remkv. verticillioides treatment alone.
Reduction in fumonisin contamination level of 489.8 % in 2013 and 48.6 - 88.8 % in 2014
were observed ifrichoderma-treated plots compared to the control. An incraasplant
growth and development was also recorded when deea®d with spore suspension of
Trichoderma isolates. Overall results of this study indicatest someTrichoderma strains

have the potential to contrbl verticillioides and fumonisin contamination of maize kernels.

Keywor ds. Fusarium verticillioides, Trichoderma species, fumonisin, maize



I ntroduction

Maize ea mays L.) is one of the most important staple crops thi@pia, ranking first in
total grain production (7.2 million tons) and sedam area coverage, > 2 million ha per year
(FAOSTAT, 2014) Fusarium verticillioides is the most frequently encountered fungal
pathogen of maize in Ethiopia (Ayalew, 2010 Wuhed &bate, 2004). Thipathogen is a
common soil and seedboren fungus, which causesndearuof diseases including root rot,
seedling blight, stalk rot, ear and kernel rotsniaize (Bacoret al., 2008; Munkvold 2003).
Fusarium verticillioides is responsible for significant losses in both grgield and grain
guality (Presell@t al., 2008) and the pathogen can also produce a nurhbgroomtoxins such
as fumonisins, moniliformes, fusaric acid and fusa(Baconet al., 2008; Darnetty and
Salleh, 2013). Almost all of the strains are capatfl producing fumonisins at different
concentrations during the pre-harvest and postsarperiods (Baconet al., 2008).
Contamination of grains by fumonisins is of greanheern in food and feed safety, as
fumonisin presents serious and harmful effectsherhealth of humans and certain domestic
animal species. Consumption of fumonisin contameitiahaize have been associated with
leukoencephalomalacia in horses (Kellermatnal., 1990), pulmonary oedema in pigs
(Harrisonet al., 1990), oesophageal cancer (Rheetlai., 1992) and neural tube defects in
humans (Missmest al., 2006).

Management df. verticillioides is not easy, as the fungus can disseminate vigyttbaough
seed infection or from soil to roots and then tovebground parts of the plant (Baceiral .,
2008). Infection can also occur by fungal propaguéaching the plant surfaces horizontally
via insect vectors, rain splash and wind (Munkvd@@03). Fungicide treatments are not
sufficiently effective to control the pathog€Bandyopadhyayet al., 2003). The use of
fungicides is also being discouraged due to thé bagt for small-scale farmers as well as
growing concern for environmental and safety issMEsagement with host plant resistance
is not yet possible, because there are no maizetiesrwith sufficient level of resistance to
control this fungal pathogen. Biological controutabe a potentially sustainable solution for
managing soil and seedborne pathogens sudh aerticillioides. Biological control can
easily integrate with good agricultural practicesluding maintaining optimal condition for

crop growth and minimizing environmental stresses.



Some of the major biocontrol agents getting gréah&ion due to multiple action to suppress
fungal pathogens in various crops are the filamenttungi in the genudrichoderma
(Howell, 2003).Trichoderma species have been widely used as biocontrol ageetsiuse
they are fast growing, producers of antifungal subses such as hydrolytic enzymes and
antibiotics to suppress plant pathogenic fungi @ret al., 2008). These groups of fungi
also have the ability to parasitize other funginedl as competing for space and nutrients
with plant pathogens (Harmaat al., 2004; Howell, 2003). In addition, certain stragen
induce systemic and localized resistance to seydaalt pathogens (Harmaa al., 2004;
Vinale et al., 2008), and they may enhance plant growth and dpuetnt (Howell, 2003;
Vinale et al., 2004).Trichoderma species are cosmopolitans in nature free livinthesoil
and root ecosystenTrichoderma harizanum, T. viridae, T. hamatum, and T. koningii are
among the species that are most often used favdiaa! control of fungal pathogens (Anees
et al., 2010; Akramiet al., 2011; Dubeet al., 2007; Hajieghrarét al., 2008).

In biological pest control, in addition to selecfithe appropriate isolates, the way to produce
and deliver the biological control agent may inflae the effectiveness under field condition.
One of the popular and effective methods for intidg the biological control agent into a
plant to control soilborne pathogens is seed treatmMost of the previous works on
antagonistic and biocontrol ability ofrichoderma species have been carryout under
controlled environmental conditions, which may aractly fit the complex field condition.
An isolate that presents antagonism undertro may not be effective in field condition, thus
testing in the actual field situation is necesdargelect the most efficient strain. The first
important condition for development of biologicaintrol strategy is the identification and
deployment of highly effective strains. The potehtf Trichoderma spp. to controlF.

verticillioides infection has not tested yet in maize in Ethiopia.

The first objectives of the present study weredseas the antagonistic potential of native
Trichoderma species in suppressing the growth & &erticillioides pathogen under in vitro
assays, and to select the most efficient strainfidta-testing. The second objective of this
study was to evaluate the effectiveness of selélttietioderma isolatesas biocontrol agents
to reduceF. verticillioides colonization and fumonisin contamination of maigeins

following seed biopriming under field conditions.



M aterial and methods

I solation and identification of Trichoderma species

Trichoderma species were isolated from soil collected fromrtiizosphere of growing maize
plants and from post-harvest maize grains. Foaism of Trichoderma species from the
rhizosphere of maize plants 21 soil samples wehleated from different maize growing
areas of Ethiopia during 2012 cropping season. S2oiiples were brought to the laboratory
on sterile polyethylene bags and air-dried at ragemperature (28 °C) for 3 days. The
samples were then mixed thoroughly, grinded usiogtan and pistil, and sieved using 200
micron mesh-size. The soil dilution plate method wsed to isolate th&ichoderma species;
with 10 g from each of the ground soil sample warspended in 100 ml sterile water and
mixed well by stirring. Then from this stock sodspension, 1 ml suspension was taken,
serially diluted with sterile distilled water froin10 to 1:18 dilutions. Finally, aliquots of 1
ml from each dilution were transferred to 90 mmripetates containinglrichoderma
selective medium (TSM) (Eladt al., 1981). Plates were incubated at+23°C under
alternating 12 h of near ultraviolet/white lightdadarkness (12 h) for 7 days. The culture
plates were examined daily, and individual coloragpearing on the plates were counted,
then picked up and transferred onto a new potattake agar (PDA, Difco, Madison, USA).
Further purification was performed by the singleorspisolation method (Leslie and
Summerell 2006). Additionalrichoderma species were obtained from maize kernels in the

process of isolation dfusarium species.

Trichoderma species were identified by morphological charasties using interactive
identification keys provided by (Chavestial., 2003; Gams and Bissett, 19%8tp://nt.ars-
grin.gov/taxadescriptions/keys/Trichodermalndex)cfand comparing with cultures of
formerly identified strains. For this, single spaselates were grown on PDA and SNA
(Nirenberg, 1976) at 22 °C for about 7 to 10 d&ydture characteristics, such as growth rate
and mycelia (pustules) distribution pattern, coland changes in medium over time for each
isolate were examined. The macroscopic and micpscmorphological characteristics
(shape and size of conidia, shape and size of iphidres, presence or absence of sterile
hairs) were performed from slide mounts preparethkytape touch method (Harris, 2000)

in a drop of lactofuchsin.



Dual cultureinteraction

TheTrichoderma isolates were evaluated against &erticillioidesisolate following the dual
culture method (Dubewt al., 2007; Hajieghraret al., 2008) to select the most efficient
antagonists. Plates (90 mm) containing PDA wereutaied with a 6 mm diameter mycelial
disc from a 7 day old culture &% verticillioides andTrichoderma species at equal distance
(2 cm) from the periphery. Tree replicates of etneatment were made, and inoculated petri
dish plats were incubated for 15 days at 22 °C vatternating 12 h of photoperiod. The
radial growth ofF. verticillioides isolate was measured 4 and 7 days after incubaliem.
days after incubation, plate area covered by frgeefial growth of theF. verticillioides
isolate in dual culture with no visible overgrowiwgh the antagonisti€richoderma isolates
were measured to compute the reduction in territmgupied compared to the plate area
covered on control plates. PDA plates inoculatetl tieF. verticillioidesisolate without the
antagonists were served as controls, and percéitbition of radial growth of theF.
verticillioides pathogerwas calculated (Dennis and Webester, 1971). Thetgrimhibition

was determined using the following equation:

Growth inhibition (%) = W.

In the equation, GC is radial growth measuremenhefpathogen in control and GT is the
mycelial growth of the pathogen from the point abgdulation in the direction of the

antagonisticTrichoderma isolates.

The plates were examined for any possible antatioreffect between the pathogen and
Trichoderma isolates by measuring the inhibition zone formetiMeen them after 4 days of
pairing. Total number of days required to entirebyer the plate including overgrowing the
F. verticillioides colony by Trichoderma isolates were recorded at the end of incubation
period. Mycelial samples were taken from the irt8om regionof both fungi and the
presence of mycelial coiling structures (hyperpétisas) were examined with a microscope
as described by Dennis and Webester (1971). THmgdrequencies were estimated and

categorized as: less, medium or high frequent.



Field experiment

Study site

The study was conducted at the experimental figddad Mekelle University main campus,
northern Ethiopia. The site is located at the IBMNlatitude and 39° 30’ E longitudes, and
at an altitude of 2130 m above sea level. Thetgpd of the experimental site was Cambisols
with silt-clay textural class and the area is cbemazed by semi-arid (limited moisture)
climatic conditions (Arayat al., 2011).

Experimental design and field management

Field experiment were conducted for two consecura@s during the rainy season of 2013
and 2014. The experimental design was randomizetplete block design with thirteen
treatments and three replications for each treatni@eh plot was 13.54with 3 m length
and 4.5 m width. Spacing was 0.75 m between rowts(a®5 m between plants. Spacing
between blocks and between plots were 1.5 m andml.@espectively. Maize variety
Melkassa-4 which is one of the recommended culit@r the study area was used. All crop
management techniques were according to recommeprdetices for maize production in
the region. Thus, DAP (Di-ammonium phosphate) aed tertilizer were applied at a rate of
100 kg per ha each (64 kg N and 46 kg P per hectditeogen (N) was applied three times:
one third at sowing and the remaining, two timeand 6 weeks after crop emergence. To
provide adequate soil moisture to allow the plamtsome to a complete development stage,
supplemental irrigation was applied, once per wd@akfurrow irrigation at the end of the

growing season when the rain ceased.

Fungal inoculum preparation and seed treatment

The best performing isolates were selected based wtro antagonism determined against
F. verticillioides isolate in the dual culture experiment. A totalldf Trichoderma isolates
belonging tor. harzianum (5 isolates)T. hamatum (5 isolates), and. viride (1 isolate) were
tested using seed biopriming under field conditioh. F. verticillioides strain (SR6952)
previously isolated from infected maize kerneldemikd in Ethiopia was used for the field

experiment. This strain was selected for its paaeid produce fumonisin, as it was one of



the highest fumonisin producing strains among tled-collected isolates tested on

autoclaved maize cultures (Tsehayel., unpublished).

For spore production, thi. verticillioides strain was grown on Mung Bean Agar (MBA)
(Dill-Macky et al., 2003), at 282 °C for 7 to 10 days under alternating 12 h ofrnea
ultraviolet/white light and darkness (12 h) (Leslend Summerell, 2006), whereas
Trichoderma species were grown on PDA in the same conditi®pare suspension was
prepared by washing conidia from the surface ofattper media with sterile distilled water,
and the resulting propagule suspension was filtenedugh two layers of cheesecloth.
Conidial concentration was determined using Kowassfic spore counting chamber and
adjusted to a concentration of Xnidia mi* using sterile distilled water, amended with
Tween 20 (polyoxyethylenesorbitan monolaurate; Sigktdaich, St. Louis Missouri) a
surfactant, at a rate of 0.2 ml literMaize seeds were treated by submerging themein th
conidial suspension of thErichoderma species in Erlenmeyer flasks. Fifty grams of maize
seeds were bioprimed using spore suspension ofliffexent isolates, and after soaking
overnight at room temperature seeds were remoweud fine spore suspension and used for
planting immediately without air-drying. Conidiauspension of theF. verticilloides
pathogen was applied onto autoclaved maize seexdparate flasks. Three autoclaved seeds
colonized with theF. verticilloides strain and two viable maize seeds treated with the
Trichoderma isolates were placed closely together per plarhiiign the field in all cases.
Seeds treated with a fungicide recommended foreptioin of seedborne and soilborne
pathogens in Ethiopia, Apron Star 45 WS at the o&t2.5 g kg!, was also included in the
treatments. Other seeds soaked in Erlenmeyer feaskaining sterile distilled water without
any biological control agent but planted togethih . verticillioides-colonized autoclaved

seeds were used as fungal control.

Assessment of kernel infection level and collection of other agronomic data

On the 1@ day after sowing total number of emerged plangsking the soil surface per plot
was recorded to calculate percentage germinatioa fihal plant stand was expressed as the
percentage of emerged plants divided by the exgeutmber based on the planted seeds. At
45 days after emergence, shoot height was recanddd randomly selected plants per plot
by measuring the distance from soil up to the haskst leaf with visible collar. Then

seedling vigour index (VI) was calculated aBl = average shoot length (cm) *

8



germination percentage and the germination percentage of each plot waspated as:

number of seedlings emerged+100

Germination percentage = .
Total number of seeds planted

When plants reached physiological maturity, allolere harvested per individual treatment
and replica. Peeled cobs from each plot were delieiwgether, and by manual threshing the
grains were separated from the cobs. After thrgsaid drying to a moisture level of about
15 %, kernels per plot weighed separately to deterrgrain yield. Thousand seed weight
was also determined for each treatment-replica.pBesrof grains (200 seeds per plot) were
taken randomly and used for assessment of fungdfugonation level using the deep-freeze
blotter method (ISTA, 2003). Initially seeds wensinfected in 70 % ethanol for 1 min
followed by soaking in 3 % hydrogen peroxide santior 2 min, then washed twice in
distilled water. Then replicates of 25 seeds weated in 18 cm diameter petri dish plats
containing three layers of water soaked blotteletsRontaining the seeds were incubated at
room temperature (232 °C) for 24 h and then 24 & freezer at - 20 °C. This was followed
by incubation at 23+2 °C under 12 h alternativeleyof near ultraviolet/white light and
darkness for 9 days. Infected and healthy seeds emted to calculate proportion of seeds
contaminated by fungal agents. Identification ofidal species was performed based on

morphological structures according to Leslie anth®erell (2006).

Fumonisin analysis

For fumonisin analysis, 100 g maize grains fromheptt were ground fine, using a
laboratory mill (IKA"-Werke, GmbH & Co. KG., Germany), to pass througmrh mesh
sieve. Fumonisin contamination in samples was detexd using Enzyme Linked
Immunosorbent Assay(ELISA) kits (RIDASCREENFumonisin, R-Biopharm AG,
Darmstadt, Germany) according to the manufactunessructions. The absorbance was
measured, using a microplate reader at 450-nm,famdnisin concentration of samples
evaluated using RIDASOFT Win software (Art. Nr. Z9999, R-Biopharm AGainstadt,
Germany). The minimum detection limit of the kit sv@.025 ppm and all samples were

analysed in duplicate.



Statistical Analysis

Data were analysed with analysis of variance (ANQWé& complete randomized block
design, using procedure of Statistical Analysist&ys(SAS) software (SAS institute, Cary,
NC). Data on percentage of maize kernels coloniagdfungal agents and fumonisin
concentration were log-transformed before stasibtianalysis (Arakacami and
Rangaswamy, 1995). Differences between treatmeritsnwyears were determined with
Fisher's protected least significance (LSD) test arp < 0.05 significance level was used
throughout.

Results

Isolation and identification of Trichoderma species

From a total of 21 soil samples, collected fronfed#nt maize growing areas of Ethiopia,
Trichoderma species were isolated from 9 samples. Among 20Zemkernel samples
assessed[richoderma species were recovered from 7 samples. TotallyTrléhoderma
isolates were recovered, 7 from maize kernels dnétdim soil samples. Based on culture
characteristics and morphological criteria, Tnechoderma species belong to three different
species, namely. harzianum (7), T. hamatum (9) andT. spirale (2) (Table 1).

The antagonistic effect offrichoderma strains against the mycelial growth &f.
verticillioidesin thein vitro test was as shown in Table 1. All firechoderma isolates tested
inhibited the growth of th&. verticilloides isolate, but differed significantly (p < 0.0001) i
the magnitude of suppressing the pathogen (TableThg inhibitory effects of the
Trichoderma isolates againgt. verticilloides were in the range of 8.8 - 53.9 % 4 days after
pairing. The highest inhibitory effect on radiabgith of theF. verticillioides pathogen was
achieved byf. harzianumisolates Thr5 (53.3 %@nd Thr6(53.9 %). The lowest radial growth
inhibitory effect of theF. verticillioides pathogen was observed using the Tspl isolate (8.8
%) 4 days after incubatiofirichoderma harzianum isolates were growing faster than others
Trichoderma species, while the least reduction in radial groeftthe pathogen was obtained
in T. spirale isolates (Table 1).
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Distinct inhibition zones was noticed before contaden the differentrichodermaisolates
grown in dual culture with thi. verticillioides isolate (Table 1)Trichoderma spiraleisolates
(Tspl and Tsp2), andl. hamatum isolates (Thm8 and Thm9) gave the least inhibiione

(< 7 mm) compared to others (Table 1). At the ehthe incubation period a clear zone of
inhibition without or with little physical contattetween the fungal colonies were observed
in T. hamatum isolate Thm1 and. harzanumisolate Thr7 (Fig. 1 F) compared to others.

—_—
n
w3
o,

Fig. 1 Dual culture interaction offrichoderma species with &. verticillioides isolate
Trichoderma isolates retard the growth of the pathogen 4 ddigs pairing (A, C & E), and
Trichoderma isolates growing over the pathogen 7 to 10 datgs afcubation at 22 °C (B &
D), but not crossing the inhibition zone or littigphal interaction (F).
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Table 1 Antagonistic potential ofrichoderma species, isolated from soil samples in maize "gphere and from maize kernels collected from
different growing areas of Ethiopia, agaiRswerticillioides pathogen

Trichoderma District of  Source  Growth inhibition (%Y Reductionin 9 Zone of Number of  Mycelial
isolates? origin material plate coverage inhibition  days to fully coiling

4 Days 7 Days (%), 10 day$ cover plat¢ frequency
T. hamatum (Thm1l) Gibe Soil 35.43de 55.56e 77.78f ++ > 15 -
T. hamatum (Thm2)  Gibe Soil 49.47c 65.28c 92.22c +++ 12 High
T. hamatum (Thm3) Halaba Saoll 50.67b 73.61b 92.23c +++ 12 ry\fegh
T. hamatum (Thm4)  Mekelle Soill 34.53f 51.37gh  73.34gh ++ 15 Medium
T. hamatum (Thm5'  Jimma Seec 36.87( 65.59( 93.34h ++ 13 High
T. hamatum (Thm6'  Kemissie Soll 50.10¢ 73.591L 94.45al +++ 12 Very high
T. hamatum (Thm7,  Kemissie Soll 29.93f 52.77fc  74.44¢ ++ 15 Mediurr
T. hamatum (Thm8  Koba Soll 22.93¢ 58.31« 83.32( + >1E Mediurr
T. hamatum (Thm9)  Korem Soil 9.43h 35.67] 66.29j - >15 Low
T. harzianum (Thrl) Bako Seed 52.07b 76.11a 95.45a ++ 11 Yigtly
T. harzianum (Thr2) Bedele Seed 50.97bc 77.74a 96.12a +++ 11 High
T. harzianum (Thr3) Bedele Seed 31.03f 48.61i 71.12i ++ 13 dMm
T. harzianum (Thr4) Jimma Soill 30.20g 49.98hi  72.22hi ++ 13 diden
T. harzianum (Thr5) Nekemte Seed 53.30a 76.48a 96.11a +++ 10 ery Mgh
T. harzianum (Thr6)  Sire Seec 53.93: 77.78: 96.11: +++ 10 Very higlr
T. harzianum (Thr7)  Ziway Soll 36.17¢ 57.37¢ 80.00¢ ++ 12 -
T. spirale (Tspl Axum Soll 8.80r 34.45 66.67 - >1E Low
T. spirale (Tsp2) Melkassa Seed 22.789 54.16ef  77.76f + >15 Medium

aThm: T. hamatum, Thr: T. harzianum, Tsp:T. spirale;  inhibition in radial growth of the pathogetReduction iimycelial growth territory (plate
coverage) of the pathogen in dual culture comptoedycelial area coverage in control (considerieg fmycelial coverage of pathogen with no
visible overgrowth with the antagonisficichoderma isolates)? After 4 days — no zone of inhibition, + zone ofilsition 1-6 mm diameter, ++
zone of inhibition 7-12 mm diameter, +++ zone miibition 13-21 mm diametef;Number ofdays taken for th@richoderma species to over
grow F. verticillioides colony and fully cover the platé's; no hyphal coiling observed. All values are avesagf three determinations; within
columns, means followed by the same letter arestadistically different according to LSD (0.05).
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The culture interaction showed that sev@rathoderma isolates grows very fast, and clearly
retard the growth of the pathogen after four daypairing. After contact, most antagonist
Trichoderma isolates grow on the top of the pathogen and nicglowth of theF.
verticillioidesisolate was limited to a very small portion of filate surface in the dual culture
10 days after incubation. Ten days after inculbatibe highest reduction in free mycelial
growth territory of thd=. verticillioides pathogen was achieved byharzianumisolates Thr5
and Thr§(96 % each) followed by. hamatum isolates (Thm3 = 94.4 % and Thm6 = 94.8 %)
compared to the control.

Most Trichoderma isolates tested in this study exhibited coilinwistures around the hyphae
of the F. verticillioides pathogen, which indicates the employment of hyaegitisim for
controlling growth of the pathogen. Variations inilmg frequency was also identified
betweenTrichoderma species isolates. These variations were not ortlyd®en species but
also across isolates of the same species (Tabfoi)e of thelrichoderma isolates (Thm1
and Thr7) displayed bigger gap, not cross the pbmehibition, up to 10 days of pairing and
no hyphal interaction in these isolates were olezk(Table 1).
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Fig. 2 Effect ofseed-treatment with differeftichoderma isolateson total fungal Fusarium
andAspergillus spp.) contamination of maize kernels under figlddition, during 2013 and
2014,2=Thm: T. hamatum, Thr: T. harzianum, Tsp: T. spirale, Fungal control: seeds only
receivedF. verticillioides treatment but with no biocontrol agent, Apron Sfangicide
recommended for seed treatment.

13



A significantly (p < 0.001) higher mean fungal camination of kernels was observed in 2014
(26 %) than in 2013 (12 %). Howevdfusarium spp. count on maize kernels did not
significantly differ between years. The incidendeother fungal contaminants such as
Aspergllus spp. were more abundant in 2014 than in 2013eRffces among treatments were
significant for percentage of kernels contaminatgth fungal agents assessed after crop
harvest.Trichoderma-treatment reduced the proportion of maize kernetgaminated with
fungi by 32.8 - 83.6 % in 2013 and 40.8 - 56.2 %2014 compared to plots that received
F.verticillioides treatment alone (Fig. 2).

When maize seeds were treated Witichoderma isolatesF. verticillioides colonization of
kernels was reduced by 38.3 - 86.4 % in 2013 an8&§ - 69.6 % in 2014 (Fig. 3). The
fungicide (Apron Star 45 WS) used in this studyalsduced-. verticillioides colonization

of kernels by 64.2 % in 2013 and by 52.6 % in 26dvhpared to the untreated control (fungal
control) (Fig. 3).
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Fig. 3 Effect of seed-treatments with differefitichoderma isolateson F. verticillioides
colonization of maize kernels, during 2013 and 262Zhm: T. hamatum, Thr: T. harzanum,
Tsp: T. spirale, Fungal control: seeds only receiviEdverticillioides treatment but with no

biocontrol agent, Apron Star: fungicide used fads&eatment (positive control).

A significantly higher total fumonisin content walstained in maize grains grown from seeds

treated with fungal contrdF. verticillioides alone) compared witirichoderma-treated and
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Apron Star-fungicide-treated plots (Fig. 4). Sewdated withTrichoderma species reduced
fumonisin contamination by 44 - 89.8 % in 2013 &yd#8.6 - 88.8 % in 2014. The highest
reductions of fumonisin content in maize kernelsen@btained with seed treatment using
harzianumisolate Thr2 (mean 89 %) followed by isolate Tt83.4 %). The fungicide, Apron
Star, also reduced fumonisin contamination by 38.5n 2013 and by 57.3 % in 2014

compared to plots receivéd verticillioides-treatment alone (fungal control) (Fig. 4).

TheTrichoderma strains tested in this study differed in their @igperformance with respect
to all the parameters measured. The efficacy. dfamatum isolates (Thm3, Thm6) antd
harzianum (Thr2, Thr5) were better than others investigatethis study. A slight difference
was also noticed in efficacy performance rankingichoderma isolates undein vitro and
field conditions (Table 1, Fig. 3 and Fig. 4).
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Treatments 2
Fig. 4 Effect of seed-treatment witfrichoderma species on fumonisin contamination of field
grown maize, during 2013 and 20#4Thm: T. hamatum, Thr: T. harzianum, Tsp:T. spirale,
fungal control: seeds only receivEdverticillioides treatment but with no biocontrol agent,
Apron Star: fungicide used for seed treatment (p@scontrol).

Effect of seed treatment with Trichoderma species on agronomic performance of maize

The different seed treatments showed a signifif@rt0.05)difference in percentage of seed
emergence assessed 10 days after sowing, and kbt and seedling vigour index

determined at 45 days after emergence. An incieageeed of germination, seedling growth
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(shoot height) and seedling vigour index resultbeémvseeds were treated withichoderma
species compared with Apron Star (fungicide) tréaaed with fungal control (only.
verticillioides-treated seeds) during the two years of field {ffalble 2). An increase in speed
of seed germination (percentage of seedlings emgggi 10 days after sowing) by 16 - 17 %
in 2013 and 12 - 17 % in 2014 was observed wheusseere treated with different
Trichoderma species. Seedlings produced frdnmichoderma-treated seeds had also greater
growth (shoot length) and seedling vigour indexittal seedlings from Apron Star fungicide
treated and only. verticillioides-treated seeds (Table 2). Tmichoderma-treated seeds, a
significantincrease was also observed for each of the othenamic parameters measured
(plant height, 1000 seed weight and grain yieldmpared to plots which receivdsl
verticillioides-treatment alone. In maize plangsown from Trichoderma-treated seeds,
increments of in plant height (4.5 - 7.2 %), seeight (5 - 14 %) and grain yield (10.5 - 23.7

%) were measured, compared to the untreated control

Table 2 Effect of Trichoderma species on agronomic performance of field growizean
Northern Ethiopia, during 2013 and 2014

Treatments Germination Shoot seedling Plant 1000 seed Grain
(%) height  vigour  height weight (g) yield

(cm) index (cm) (tons hat)
Thm2 91.0e 25.0cde  2304ef 164abc 359.5e 4.4bc
Thm3 95.8abc 26.3abc  2526bcd 163abcd 364.8cde  4.6a
Thm5 93.3cde 26.0bcd 2424cde 162abcd 365.0cd 4.3c
Thm6 97.2a 28.0ab 2729.5a 164.5abc  368.8bc 4.7a
Thm8 91.8de 23.8def  2183fg 160.8cd 359.2e 4.4bc
Thrl 94.5abcd 27.8ab 2621abc 161.2bcd 375.8a 4.6ab
Thr2 97.3a 28.3a 2762a 165.3a 370.7abc  4.6ab
Thr5 96.5ab 28.5a 2749a 164.8ab 372.5ab 4.6a
Thr6 94.0bcde 28.3a 2660ab 162.7abcd 369.8abc  4.7a
Thr7 92.3de 25.8bcd  2386def 161.3bcd  359.7de 4.3c
Tsp2 86.5f 23.5ef 2031g 161.2bcd  346.2c 4.2c
Apron Star 87.5f 23.8def  2210fg 160d 342.3f 4.2c
Fungal control  83.0g 22.0f 1823h 154.3e 336.0g 3.8d
Mean 92.4 25.9 2414 161.9 360.08 4.4
LSD 3.08 2.17 202.4 4.4 6.2 2.1
CV (%) 2.6 7.3 7.3 2.1 1.5 4.2
P-value 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

a8 Thm: T. hamatum, Thr: T. harzanum, Tsp: T. spirale, LSD: Least Significant Difference,

CV: Coefficient of Variation. Within columns, meafalowed by the same letter are not
statistically different according to LSD (0.05).
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Discussion

The biocontrol potential of differenfrichoderma isolates was evaluated against
verticillioides underin vitro and in field condition in Mekelle, Northern EthiapThe results
of initial screening in dual culture interactioresealed thafrichoderma spp. isolates have
the potential to restrict the growth of tReverticillioides pathogen. Reduction in growth of
the target fungal pathogen by the antagonists uimdétro condition is the first important
information necessary in the selection procddwe differentTrichoderma spp. isolates
demonstrated variabia vitro antagonistic activity, and some isolates were abht®mpletely
control the pathogen by growing fast, overgrow umamtact and diminished territory
occupied by the pathogen after 10 days of paivitnge others display little inhibitory activity
compared to others. Different antagonistic mechmasisvere evident for different strains.
Majority of the Trichoderma isolates tested in this study displayed hyphalirgpiwith
variable frequency indicated that hyperparastisiaygd a very important role in the
biocontrol mechanism to reduce the growth offheerticillioides pathogen. The inhibition
zone detected before contact clearly showed thamnaal compounds with capability to

reduce the growth of the pathogen were being prediby thelrichoderma isolates.

During the field experiments, a reductionFofverticillioides colonization of maize kernels
by 66.5 % in 2013 and 54.6 % in 2014 as well asoitigin contamination by 83 % in 2013
and 82 % in 2014 was observed in plants from stredted with the differentrichoderma
species. These results demonstrate thafthehoderma isolates tested in this study could
provide control of. verticillioides, which isthe most common fungal pathogen of maize in
Ethiopia. Results of this study are similar to poes studies in other countries, where
Trichoderma species was used successfully to control fungdlggens (Aneest al., 2010;
Akrami et al., 2011; Dubeyet al., 2007; Hajieghraret al., 2008; Rojoet al., 2007). In field
experiments conducted for three years, Ferigb., (2014) has also observed a reduction of
58 % in fungal infection and 53 % in fumonisin camination in maize kernelSrobarova
and Eged (2005) demonstrated a significant redadtiomaize root rot disease severity

caused byr. verticillioides using an antagonistifrichoderma spp.

In the present study, significant differences weoéiced betweeidrichoderma isolates in
suppressing. verticillioidesand reducing fumonisin contaminatidmichoder ma harzianum

strains (Thr5, Thr6) andl. hamatum strains (Thm3, Thm6) were the most efficient iteda
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Thus, thesdrichoderma strains may be used as broad-spectrum biologaata agents.
Chandra Nayakat al., (2010) have also reported certdinchoderma spp. strains that are
highly effective in reducing. verticillioidesinfection and fumonisin contamination in maize.
Possible mechanisms of antagonism employedTtighoderma species against plant
pathogenic fungi includes ability to compete fortriants and space, mycoparasitism,
antibiosis or production of volatile and non-vdetcompounds which have inhibitory
property against various pathogens, and stimulaifgriant defences (Harmaahal., 2004;
Howell 2003; Vinaleet al., 2008).Trichoderma species secrete cell wall degrading enzymes
such as cellulases, chitinases &At, 3 glucanases that hydrolyze the cell wall intggf

the pathogen (Howell 2003; Vinadeal., 2008). Synergism between different modes of action
may occur in nature for the biocontrol of fungathmgens, and efficient biological control
agents should express more than one mode of daicuppressing the pathogen. A good
biocontrol agent should proliferate in the rhize@and rhizosphere so that it can protect the
seed as well as the seedling (Harreal., 2004).

The colonization of maize kernels by fungal contaamis differed by year, in which more
fungal infection was recorded in 2014 than in 2008s was because of the high prevalence
of Aspergillus spp in 2014 and this could be due to variatiowéather factors between the
two years. The amount of rainfall was lower, whéenperature was higher in 2014 than in
2013 in the study area after silking. Plants wdse damaged by snowfall in 2014, and the
combination of these stress conditions could rempdkents to become susceptible to higher
fungal contamination. A number of abiotic (soil fgenature, soil pH and water potential) and
biotic (microbial activity of the soil) environmaitfactors may also have an influence on the
biocontrol efficacy offrichoderma isolatesTrichoderma spp. are most favoured under acidic
condition and most strains are mesophilic (Kredics., 2003). When temperature is higher,
the activity of antagonistic bacteria might be lgliAhmad and Baker, 1987). Therefore,
further evaluation for biological control potential Trichoderma species may give good

results, if screening has been performed undegréifit environmental conditions.

Results of the present study shows that seed tesatwith Trichoderma spore suspension
have various positive effects on the maize plamwgn including increasing speed of
germination and seedling vigour indekiichoderma strains also significantly increased seed
weight and grain yield, which is an additional akzge, compared to other pest management

options such as pesticides that frequently caussg$ofoxicity. The observed high and
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uniform percentage of seed germination as well lmseased in seedling vigour may
contribute positivelyfor increased grain yield. In addition to their gatial of biocontrol
activities, Trichoderma species have been observed to promote plant gramdigrain yield
(Dubeyet al., 2007; Entesart al., 2013). Several explanations have been suggestedefo
improved plant growth and vyield including enhancext growth and development,
enhancing resistance to biotic stress, solubilftyneoluble plant nutrients and improving
nutrients uptake (Entesaai al., 2013; Mastourgt al., 2010). Many biocontrol agents can
compete for infection sites on the root and triggant defence reactions, inducing systemic
resistance. Interaction dfrichoderma strains with plant roots also results in contmblle
activation of carbohydrate metabolism and enhapbetbsynthesis, providing the plant with
more energy and carbon source for their growth (&foand Harman 2008). In maize the
plant growth promotion effect is genotype speciiis,some inbred lines have been observed

to respond negatively to differefitichoderma strains (Vinalest al., 2008).

In many caseslIrichoderma-treated plots have shown better performance tharfungicide
treated. This could be because the fungicide ecgtfe for short time, and it may not spread
through the soil and plant system like that of bir@ogical antagonists. This is similar to
previous observations that have reported higheicagly and longer persistence of
Trichoderma species than fungicides against soilborne fungdigagens (Chandra Nayaka

al., 2010). Since public awareness is increasing régguthe potential environmental and
health impact of agrochemicals, the use of biolalgtontrol agents for disease management
is likely to increase in the future. Because, uk@rachoderma products could also create
opportunities for farmers to reduce costs in additio reducing risks related to health and

environmental damage due to over usage of fungicide

In conclusion, results of the present study dermatesd that seed treatment with choder ma
isolates have a potential in reducirfg verticillioides colonization and fumonisin
contamination of maize kernels. Maize grains oledifirom plants treated with the.
verticillioides pathogen alone with no antagonists displayed higvels of fungal infection
and higher fumonisin content. The results of tresent study also indicates tAathoderma
isolates enhances plant growth parameters and gielth The use offrichoderma-based
products is not only safe for the farmers and comess, but also it is good for the

environment. However, much further studies neeblei@onducted to find techniques for
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mass multiplication, to achieve appropriate forrtiolzs and delivery systems of the

biocontrol agents.
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