University of Alberta

Infection and mycotoxin production Busarium lactis, causal agent of internal
fruit rot of sweet pepper

by

Yalong Yang

A thesis submitted to the Faculty of Graduate ®tsidind Research
in partial fulfilment of the requirements for thegree of

Master of Science
in
Plant Science

Department of Agricultural, Food and Nutritionali&we

©Yalong Yang

Fall 2009
Edmonton, Alberta

Permission is hereby granted to the University lblefta Libraries to reproduce single copies of thisis
and to lend or sell such copies for private, saflar scientific research purposes only. Wherethiesis is
converted to, or otherwise made available in difiam, the University of Alberta will advise poteésal

users of the thesis of these terms.

The author reserves all other publication and atiglits in association with the copyright in thesfs and,
except as herein before provided, neither the shesi any substantial portion thereof may be pdiote
otherwise reproduced in any material form whatsoexthout the author's prior written permission.



Examining Committee

Stephen Strelkov, Agricultural, Food and Nutritib8aience
Ron Howard, Agricultural, Food and Nutritional Suwe
Lloyd Dosdall, Agricultural, Food and Nutritionat®nce

Randy Currah, Biological Sciences



Abstract

Internal fruit rot, caused byrusarium lactis, is as an important disease of
greenhouse sweet pepper. Fungal growth was studieascopically during
anthesis and fruit development. Hyphae were obdeovethe stigmatal surface
one day after inoculation (DAI), and in the trandimg tissues of the style and
inside the ovary at 5 and 6 DAI. Symptomless sdein infected fruits yielded
colonies off. lactis when cultured axenically, and typical disease dpmg were
observed when fruits were dissected at 45 DAI. lates of F. lactis and the
related specie§. proliferatum and F. verticillioides, which are also associated
with internal fruit rot, produced the mycotoxinsabeericin, moniliformin and
fumonisin B in various combinations, both in infected fruitsdan vitro. These
findings suggest that internal fruit rot is iniedtthrough infection of the stigma
and style during anthesis, and that mycotoxin comation of infected fruit

could pose a health concern.
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Chapter 1. General Introduction

1.1. Greenhouse Sweet Pepper
1.1.1. History and economic significance

Sweet pepperCapsicum annuum L.) is a New World species that was
extensively cultivated by the native populationsGa&ntral and South America.
After the Spanish conquest of the Americas in th80%, sweet pepper was
introduced to the Old World, where its cultivatispread throughout Europe and
Asia, and the crop became established as an aimt@mnperate climates. In
Canada, however, sweet pepper is produced mainlgreenhouses, as a
consequence of its sensitivity to low temperatufé® predominant sweet pepper
cultivars grown in Canada produce green, red, yedod orange fruits.

Sweet pepper is a high-value cash crop, with pribclucentered mainly in
British Columbia, Alberta, Saskatchewan, Ontariod aQuebec. Canadian
production of greenhouse sweet pepper has moredihidnied in the last decade,
with the cultivated area increasing from 95.6 ha@01 to nearly 300 ha in 2007,
the value of the crop over this same period ingeédsom $64.5 million to more
than $200 million (Table 1, Statistics Canada). iBintrends have been observed
specifically within Alberta, as production incredseom 559.3 t in 2001 to 1588 t
in 2007. Yields of greenhouse sweet pepper range £2 to 26 kg/m with an
average gross revenue of approximately $80(Aiberta Greenhouse Industry
Profile 2007). Thus, even small decreases in yjgd unit area can have

significant economic consequences for growers.



1.1.2. Biology of sweet pepper

Sweet pepper is a member of the family Solanacedwch consists of
approximately 90 genera and 3000 species. Theseiesp exhibit a huge
diversity in terms of habit (e.g., trees, herbsubh, vines), preferred habitat (e.g.,
deserts, rain forests), and morphology of both fioeers (e.g., zygomorphic,
tubular, actinomorphicland the fruits (e.g., berry, capsule, drupe, mericarp)
(Knapp et al. 2004). Under greenhouse conditioneges peppers usually exhibit
an indeterminate growth habit (Government of Alae2007), producing flowers
and fruit continually over the growing season. HEweeet pepper flower has a
star-shapeavhite corolla,usually five stamens (but sometimes up to six vesg
and a single pistil (Fig. 1-1). The pistil is conspd of the stigma, style, and ovary.
For successful fertilization of the ovules withiretovary, the pollen grains must
first land on the stigma, after which they germénit produce pollen tubes. The
pollen tubes penetrate the stigma, grow down tile shrough the transmitting
tissue (Fig. 1-2), and finally enter the ovulesdeghe ovary.

Sweet pepper flowers are largely self-pollinatedwidver, cross-pollination
has been shown to result in the production of highelity fruits with greater
guantities of seeds (Cruz et al. 2005). Thus, epadination may be important
for seed set. In a greenhouse environment, crdisgimn can be performed
manually by the grower, or via the activities o$eéct vectors such as bees. Pests
like aphids and thrips may also function as veci{@&sV/JM/MONO, 2006).
After successful fertilization, the sweet peppartfbegins to develop and the

seeds are formed. The color of the fruit dependdherspecific cultivar grown.



The sweet pepper fruit or mature ovary is of theysg/pe. Inside the fruit,
there are three chambers (locules), which are edvidy septa, and a basal
placenta to which multiple seeds (ovules) are h#tdc(Fig. 1-3). The seed
micropyle faces the placenta and is imbedded inptheental tissue (Fig. 1-3).
Therefore, the pollen tubes need to penetrate lgeepta in order to reach the
micropyle and ensure successful fertilization. Thature sweet pepper seed is
disk-shaped, with the embryo completely enclosddiwithe endosperm and testa
(seed coat) (Fig. 1-4). The germination processists1of three steps, namely: (1)
water imbibition by the dry seed, (2) embryo expamsand (3) radicle protrusion
(Finch-Savage and Leubner-Metzger, 2006). To geaatajrthe embryo must break
through two covering layers, the micropylar endospand the testa.

Since they can germinate immediately after harsséet pepper seeds were
traditionally regarded as non-dormant. However, dlanand Honma (1981)
reported some degree of seed dormancy, especrallyon-cultivated pepper
varieties. Thus, it appears that the dormancy cienatics of sweet pepper are
genotype-specific and can vary according to cultfiRandle and Honma, 1981,
Sanchez et al. 1993). It was suggested that peggeis should be left in the
harvested fruit after harvest, to allow for a skadtér-ripening period to overcome
dormancy and achieve maximum seed germination pat¢Randle and Honma,
1981; Sanchez et al. 1993). In general, germinatbra non-dormant seed
requires water, oxygen and appropriate temperatne,may also be sensitive to

other factors such as light or nitrate. Optimal dibans for the germination of



sweet pepper seeds include a temperature of 26 t€ 2and a relative humidity

of 75 to 80% (Government of Alberta 2007).

1.1.3. Diseases, arthropod pests and physiologidadisorders of greenhouse
sweet pepper

Greenhouse sweet pepper is susceptible to numeiseiases and pests, and
may also suffer from various physiological disoeléFhese can have a negative
impact on productivity and represent a challengecrmp production. Fungal
diseases of greenhouse sweet pepper include damfhjnBythium crown and
root rot, Fusarium stem and fruit rot, gray moldddess commonly in Canada,
powdery mildew.

Damping-off is a seedling disease caused mainlyPgthium spp. and
Rhizoctonia solani Kiihn. This disease is less common when seedlirggrawn
in inert media such as rockwool, compared to winey are grown in soil-based
media (Howard et al. 1994). Nowadays, since vedetsdedlings and transplants
are generally grown in rockwool, damping-off is nat major concern
(Government of Alberta 2007Rythium crown and root rot is caused Pythium
spp., but is not common in greenhouse peppersultily occurs in the seedlings
as an extension of damping-off, or develops atithe of transplanting as a result
of stressful environmental conditions. Thus, maimte the seedlings under
optimal growing conditions is essential for contbkhis disease (Government of

Alberta 2007).



Fusarium stem and fruit rot, causedHysarium solani (Mart.) Sacc.causes
the development of dark brown or black water-sodkstbns around the calyx or
on the stems at nodes and wound sites. Thesen¢esi@ntually spread to the
fruit, and under humid conditions, fungal myceliunay proliferate and become
visible to the naked eye (Howard et al. 1994). Brgganitation practices, lower
relative humidity, and careful handling of the gkand fruits to avoid injury are
important for the prevention of Fusarium stem amwit fot.

Gray mold, caused bfotrytis cinerea Pers.:Fr., is a common disease in
greenhouses. Initially, olive-green, sunken and ssions develop on the sweet
pepper stems and fruit. Eventually, these lesiaiigmse. On the fruits, injured
areas are particularly prone to infection (Howardle 1994). A less common
disease in Canada is powdery mildew, caused.dwgillula taurica (Lév.) G.
Arnaud. It was first reported in Ontario in 199%(Kauskas et al. 1999), and later
identified as a new threat to greenhouse bell peppeBritish Columbia
(Cerkauskas and Buonassisi 2003). As is impliedhgyname, white powdery
pustules form on the lower side of the leaves, \aitslight chlorosis developing
on the upper leaf surface in association with thesstules (Cerkauskas et al.
1999).

Several viral diseases can also affect greenhousetepper, including the
pepper mild mottle virus (PMMV), tobacco mosaicugi(TMV), tomato spotted
wilt virus (TSWV), and less commonly in greenhouseeet peppers, tomato
mosaic virus (ToMV). The most significant of theisePMMV, and the leaf

symptoms that it causes may be confused with magneand manganese



deficiencies. As PMMV progresses, it is associatath the formation of
noticeable bumps on the fruit. PMMV can be sprepddutine handling of the
young plants, especially during transplanting (RRe1.996).

In addition to diseases, a number of arthropodspeah also attack sweet
pepper. These consist mainly of aphids, most conynihie green peach aphid
Myzus persicae (Sulzer), thrips (the western flower thripgsranliniella
occidentalis (Pergande), and the onion thripByrips tabaci Lindeman), the
two-spotted spider mitélgtranychus urticae Koch), and loopers (most commonly
the cabbage loopefyichoplusia ni (HUbner)). Some minor pests of greenhouse
sweet pepper also include the whiteflyiéleurodes vaporariorum (Westwood)),
fungus gnats, lygus bugdygus spp.), and earwigs (the European earwig,
Forficula auricularia L.) (Government of Alberta 2007). In addition teetdirect
damage that they cause, arthropod pests may semectors of disease and may
also cause injuries that increase susceptibilitpfection.

Sweet peppers may also suffer from various phygicéd disorders, which
can cause symptoms similar to those associated dishase or pest damage.
Important physiological disorders include blossomd erot (associated with
environmental stresses such as water or calciunicieledies), sunscald
(associated with exposure to direct sunlight), tfreiacking (associated with
sudden changes in the fruit growth rate), fruiitspg (a response to high root
pressure), fruit spots (associated with high caicilevels in the fruit, and
subsequent formation of calcium oxalate crystas)l misshapen fruit (occurring

during periods of poor flower development or poallipation, which are



generally associated with poor environmental coowk). In order to minimize
the impact of these disorders, growers should aimdintain optimal greenhouse

conditions during the production cycle.

1.2. Internal Fruit Rot of Sweet Pepper and Pathogen Biology
1.2.1. Disease and symptoms

Internal fruit rot first emerged as a significansehse of greenhouse sweet
pepper in British Columbia in 2001 (Utkhede and M&t2003). The disease was
subsequently found in Alberta in 2003 (Yang et24l05), in Saskatchewan in
2006, and in Ontario in 2007 (Yang et al. 2008)si/ilar disease was also
recently reported in greenhouses in the Flandegsomeof the Netherlands
(Goossens et al. 2008). Disease development isalyiassociated with the
growth of a whitish-grey mycelium on the seedscefda, and the inner surface
of the pepper fruit wall. Although severe infectioray result in the formation of
greenish to dark-brown lesions on the outer surfatesome fruits, external
symptoms are generally rare, resulting in the fmaé fruit rot” name of the

disease (Utkhede and Mathur 2004).

1.2.2. Causal agent

Fungal isolates recovered from diseased peppdr ffam British Columbia
greenhouses were identified Fagsarium subglutinans (Wollenweber & Reinking)
Nelson, Tousson & Marasas based on morphologiakcheristics (Utkhede and

Mathur 2003, 2004). However, most of the fungalases collected from peppers



showing internal fruit rot in Alberta were classifi asFusarium lactis Pirotta &
Riboni, based on both fungal morphology and nudeatequence analysis of the
partial elongation factor &; mitochondrial small subunit ribosomal DNA and
B-tubulin genes (Yang et al. 2006, 2009). MiBgsarium isolates causing internal
fruit rot in Saskatchewan and Ontario greenhousae &lso classified &5 lactis,

as was an isolate from the Netherlands (Yang €&2(fl6). Moreover, two isolates
of Fusarium recovered from sweet pepper in British Columbieeghouses, and
originally identified asF. subglutinans, were later re-identified &8 lactis based

on molecular analyses (Yang et al. 2006). Thuappears thak. lactis is the
predominant causal agent of internal fruit rot tdephouse sweet pepper, at least

in Canada.

1.2.3.Fusarium lactis and the Fusarium genus

The anamorph genususarium represents a group of filamentous fungi with
teleomorph states in the geneGibberella, Albonectria and Haematonectria
(Leslie and Summerell 2006). Most species Fafsarium, however, have
Gibberdlla teleomorphs. Fusarium spp. are widely distributed in the soil and are
often found in association with plants. They mayviue as saprophytes,
endophytes, or parasites. More than 80 species lee recognized within the
genusFusarium, and many plants have at least ¢usarium-associated disease
(Leslie and Summerell 2006). Diseases cause&usgrium spp. include wilts,
root and stem rots, fruit and seed rots, as welbkar blights associated with the

development of necrosis and chlorosis. Importamarium pathogens include



Fusarium graminearum Schwabe (Goswami and Kistler 2004), cause of
Fusarium head blight of cereald;usarium oxysporum Schlechtendahl emend.
Snyder & Hansen, the cause of Fusarium wilt in miti@ 100 plant species
(Agrios 2005), andrusarium solani (Martius) Appel & Wollenweber emend.
Snyder & Hansen, which causes Fusarium root, steanfruit rot of non-grain
crops. The latter conditions are sometimes alsgsexh by certainformae
speciales of F. oxysporum (Lee and Lee 2002).

Fusarium lactis was first isolated as a contaminant of malkd described by
Pirotta and Riboni in 1879. In 1935, Wollenwebed &einking were the first to
report the fungus from figd={cus carica L.) (reviewed by Leslie and Summerell
2006). Nirenberg and O’Donnell (1998) re-examinadtures of F. lactis,
confirmed the original description, and re-typifi¢ide species (neotype BBA
68590). Fusarium lactis is a member of theGibberella fujikuroi (Sawada)
Wollenw. species complex (Nirenberg and O’Donnefi98), and can be
morphologically confused with the closely relatguiecesF. proliferatum, F.
subglutinans andF. verticillioides. Perhaps the most obvious feature that may be
used to distinguishr. lactis from the other species is that the former produces
microconidia in false heads (in which the sporesaitached to each other) or in
zigzagged chains of short- to medium-length (cdimgisof < 30 conidia)
(Nirenberg and O’Donnell, 1998). In contrask proliferatum and F
verticillioides usually produce microconidia in longer (> 30 caajdlinear chains.

The microconidia of. subglutinans are not produced in chains, but rather only in



false heads. The morphological characteristics luésé¢ four species are

summarized in Table 2.

1.2.4. Host range

Fusarium lactis has been reported to cause disease on figs (Sublzad
Michailides 1993; Michailides et al. 1996) and fsubf greenhouse sweet pepper
(Yang et al. 2006). However, there is limited mf@tion on the virulence of
this fungus on other hosts. Utkhede and MathurO420inoculated F.
subglutinans (although this was most likely. lactis [Yang et al. 2006]) isolated
from greenhouse sweet pepper on tomato, cucumiseeggplant, but found that
the fungus could not induce disease on these hobtdeed, the fact th&t. lactis
causes only internal fruit rot, and does not gdhedecompose the entire fruit,
suggests that it is a weak phytopathogen. This he&dy to explain why this
fungus has not been identified on hosts other figarand greenhouse sweet

pepper in the more than 100 years since it waisdescribed.

1.2.5. Pathogen life cycle

As a recently identified pathogen of greenhouseeswepper, little is known
regarding the life cycle d¥. lactis on this crop. However, it may be possible to
learn about the sequence of events related to gathepread and disease
development by examining what is known regarding thisease cycle of
endosepsis of figs, which is also caused-blactis (Michailides et al. 1996) and

has been more extensively studied. Nirenberg ariab@iell (1998) noted that
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some isolates ofF. lactis associated with fig endosepsis may have been
mis-identified asF. moniliforme (Michailides and Morgan 1994, 1998) or las
moniliforme var.fici (Subbarao and Michailides 1992).

The fruit of the fig is called a syconium, whichnsists of numerous fruitlets
inside an enlarged, hollow, globose floral recelgtéicat is open at the apex. The
fig plant is gynodioecious and has two forms: thenoecious caprifig (from
which the pollen is produced) and the pistillatéksdfig. Pollination requires the
presence of fig wasps, which develop in the sycohigaprifigs. When mature,
the female wasps fly out of the syconia in seartlother caprifig syconia in
which to lay their eggs. By chance, they may ether pistillate edible figs,
carrying with them the pollen from the caprifigseteby serving as pollinators.

During the pollination process, however, the waspy also introduce fungal
pathogens, including. lactis, into the fig syconia. As the wasps enter the sig0
through the ostiole at the apex, they must pusbutiir the ostiolar scales and
consequently lose their wings and most of theielamae (Galil 1977; Michailides
and Morgan 1994). As a result, the wasps can niease the fig syconia, and
when they die, the mycelium & lactis develops on their bodies. When the fig
fruit matures, the fungus starts to infect the tfrtissue, thereby causing
endosepsis (Michailides and Morgan 1998). ThushqmEn spread is entirely
dependent on the fig wasp and the disease canns&deoed to be airborne, since
dissemination occurs through the activities ofrftyiectors. Moreover, since the
wasps enter the syconia but never leave it, figosegdsis has no secondary

mechanism of spread and can be characterized as@cytlic disease.
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We hypothesize that the life cycle I6f lactis on greenhouse sweet pepper is
similar to that on fig, particularly since bothemal fruit rot of sweet pepper and
fig endosepsis are associated with infection of floevers and development
within the fruit. However, unlike the fig, sweetpmer flowers have both male
and female reproductive organs and are partiall{ff-pedlinated.  The
dissemination ofF. lactis on sweet pepper, therefore, may not be as depeoden
insect vectors. Moreover, insect vectors would betrapped within the sweet
pepper flowers, and the indeterminate growth habithis crop would enable
continued spread of the pathogen during the empiocsving season. As such,
unlike fig endosepsis, internal fruit rot of swempper is likely a polycyclic
disease. Infested flower and fruit debris coukballlow saprophytic growth of
F. lactis in greenhouses, serving as a source of inoculumnéw cycles of

infection.

1.2.6. Disease management

Thus far, there are no sweet pepper cultivars gethetic resistance to internal
fruit rot (J. Yang, personal communication). Someldgical and chemical
treatments, however, have been found to signifigaduce the disease rate
when applied to sweet pepper flowers (Utkhede arathit 2005). These
treatments include the microbial fungicides Pre®t¢@liocladium catenulatum
J.C Gilman & E.V. Abbott strain J1446) and Quadgd-1Bacillus subtilis
(Ehrenberg) Cohn), and the chemical fungicides B®r (iprodione) and

BASF-516 (boscalid and pyraclostrobin).
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In addition to chemical and biological control, anmber of cultural disease
management strategies have been suggested to condraal fruit rot of sweet
pepper. These include: (1) practicing good sdnitaffor example, removal of
infected or potentially infected plant debris), K8eping the relative humidity in
the greenhouse at or below 85% (thereby reduciachihh moisture conditions
favored by many fungi), and (3) avoiding injury tfe fruits during harvest
(which might facilitate infection by a weak pathoagaich a$-. lactis) (Yang et al.
2008). These strategies are effective for reduthiegincidence of many fungal
pathogens, and should serve as the foundationgovactive disease management
plan by growers. Specific information on infectiohsweet pepper b¥. lactis
should help in the development of additional styee for controlling internal

fruit rot in greenhouses.

1.3. Mycotoxins
1.3.1.Fusarium spp. as mycotoxigenic fungi

In addition to the direct yield losses associatéth wternal fruit rot of sweet
pepper, the possibility exists th& lactis could contaminate infected fruit
through the production of mycotoxins. Mycotoxime aecondary metabolites of
fungal origin that are toxic to humans and/or Iteek when consumed in
contaminated food and feed (Barkai-Golan and P&&68). They are produced
by relatively few but universally present fungalngea, includingAspergillus,
Penicillium and Fusarium. These fungi can produce fairly large quantitiés o

certain mycotoxins, even in fruits and grains stedw few symptoms of infection
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(Agrios 2005). Given that internal fruit rot ofveet pepper does not usually
cause any external symptoms, it is possible thamfdcted fruit is not culled
before going to market, it could be consumed. @&luee, if F. lactis produces
mycotoxins in the pepper fruit, then those consgntire infected peppers would
be exposed to these toxins. Moreover, mycotoximsreanain in the fruit tissue
after the mycelium is removed, and depending oncti@acteristics of the fruit,
may also diffuse into healthy tissues (Restani 200Bus, even a mild infection
may contaminate the entire pepper fruit.

Several species of the gerfussarium are known to be mycotoxigenic. These
fungal strains may produce mycotoxins in infectéh{s prior to harvest and/or
after harvest in stored grains (Logrieco et al. 200The majorFusarium
mycotoxins, including the fumonisins, trichotheceneand zearalenone, are
mainly found in grains and seeds (Dombrink-Kurtzn298). These represent
the most toxic and frequently detected mycotoxmslpced byFusarium species.
However, of these, only the fumonisins are produesthin the G fujikuroi
species complex. Marfyusarium spp. within this species complex also produce
so-called minor toxins, which consist of monilifam{MON), beauvericin (BEA),
fusaproliferin, fusarins, and other secondary mateds such as fusaric acid and
giberellic acid (Desjardins 2006; Moretti et al.0ZQ) Nirenberg and O’Donnell
1998). As a member of th@& fujikuroi species complex, it is possible tlratactis
from greenhouse sweet pepper also produces sothesa mycotoxins. IndeeH,
lactis isolate BBA 58590, collected from a fig, was foundgproduce MON (Fotso

et al. 2002) and BEA (Moretti et al. 2007). Howevaw information is available
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on mycotoxin production by. lactis isolated from sweet pepper, nor is there
information regarding tha planta production of mycotoxins bl. lactis in sweet
pepper. Since the biosynthesis and accumulationmgtotoxins can be
influenced by the host species (Jackson and ANT&#808), the issue of

mycotoxin production in greenhouse sweet peppeaisigebe examined.

1.3.2. Fumonisins

Fumonisins were initially identified from culturesf F. verticillioides
(Gelderblom et al. 1988). Recently, 53 differenmbnisins were described
(Bartok et al. 2006), although not all of them acaaturally. Mycotoxins
belonging to the fumonisin family can be classifietd four main series (A, B, C
and P), based on the type of side-chain conneotttetfumonisin backbone (Fig.
1-5). In nature, the most abundant fumonisins laefumonisin B analogs, which
are diesters of propane-1,2,3-tricarboxylic acid d an
2-amino-12,16-dimethyl-3,5,10,14,15-pentahydroxgres In the fumonisin B
series, FBis predominant (comprising 70 to 80% of total funsins), followed
by FB; (15 to 25%) and FB(3 to 8%) (Bartok et al. 2006). Fumonisin B also
the most toxic metabolite in naturally contaminatedd and feed (Krska et al.
2007; Rheeder et al. 2002). In infected cerealmnohisins are produced mainly
by F. verticillioides andF. proliferatum. As all fumonisins are heat-stable, they
can survive normal food processing conditions. gatqueous solutions of B

and FB at temperatures of less than 150 °C leads ongntall losses, although

15



steeping contaminants in water or a solution ofilsadhydrogen sulphate may
significantly reduce fumonisin levels (Arranz et 2004).

Fumonisins are associated with various toxicosé®s& mycotoxins cause
leukoencephalomalacia in equine species, pulmoedeyna in pigs, esophageal
and hepatic cancer in horses and rats, atherosiderin monkeys,
immunosuppression in poultry, brain haemorrhageahbits, and decreased body
mass in broiler chickens and turkey poults (Shepi&08; Soriano and Dragacci
2004; Zollner and Mayer-Helm 2006). FBs also considered to be a human
carcinogen (International Agency for Research onnocga 2002), and
contamination of maize with this mycotoxin was etated with an increased
incidence of human esophageal cancer in the Transgn of South Africa and
Linxian County in China (Marasas 2001). The ScfenCommittee for Food of
the European Commission (2003) established a pomés maximum tolerable
daily intake of 2ug/kg of body mass for FRB FB,, and FB, alone or in
combination. The European Commission also estaaishmaximum level of 100
to 500ug/kg for FB, and FB (alone or in combination) in grain-based products

(Jestoi et al. 2004a).

1.3.3. Moniliformin

Moniliformin is another low molecular mass mycotoxiwhich was first
isolated from corn culture that had been inoculatgd what was believed to e
moniliforme (Cole et al. 1973; Springer et al. 1974). Thidual was later shown

to have actually been inoculated with proliferatum, but the name
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“moniliformin” persisted (Munimbazi and Bullermari®98). This mycotoxin is
generally a sodium or potassium salt of 3-hydroxgy8lobutene-1,2-dione
(synonym: semisquaric acid) (Fig. 1-6). Pineda-¥alét al. (2003) investigated
the effects of autoclaving, baking, extrusion, riigji and roasting on the stability
of MON. They concluded that the thermal stabilifyMON was similar to or
greater than othdfusarium mycotoxins, including FB In agueous environments,
MON was most stable at a pH of 4.0 (with no reducin levels after heating at
100 °C for 60 min) followed by a pH of 7.0 (Pinedaldes and Bullerman 2000).
However, cooking under alkaline conditions appedcetie an effective method
for reducing MON levels in corn (Pineda-Valdes|e2802).

Consumption of MON can cause progressive muscuéakness, respiratory
distress, cyanosis, histopathological changesanrtternal organs (including the
kidneys, lungs and pancreas), comas and even ohealickens, ducklings, mice,
rats, minks, and sheep (as reviewed by Jestoi 208#)ough toxicological
studies are lacking, Bottalico (1998) proposed M@ could be the cause of a
fatal heart disease, known as Keshan diseasetiaffgqueople in certain regions

of China and South Africa.

1.3.4. Beauvericin

Beauvericin was first isolated from an insect pgtm the funguBeauveria
bassiana (Hamill et al. 1969). Since then, it has also bémmd to be produced
by numeroud~usarium species, includingd. proliferatum, F. avenaceum, andF.

subglutinans. This mycotoxin is a cyclic hexadepsipeptide, wheontains three
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D-a-hydroxyisovaleryl and three N-methyl-phenylalasineesidues (Fig. 1-7).
Initially, BEA was studied for its insecticidal grerties. In a variety of insect
bioassays, BEA was found to be highly toxic to bldywand Colorado potato
beetle adults, mosquito larvae, and a Lepidopteediiine (Desjardins 2006).
Many in vitro tests have also been employed to investigate gehamisms of
BEA toxicity. This mycotoxin appears to induce afgs (programmed cell
death) and DNA fragmentation in mammalian cellsuléng in its toxicity to
human hematopoietic, epithelial, and fibroblastoélls (Logrieco et al. 1997,
1998). It was also shown that BEA can inhibit cktdeol acyltransferase activity,
which may be associated with its cardiotoxicitys(de 2008; Jestoi et al. 2004b).
However,in vivo studies of BEA biological activity in animals avery limited.
This mycotoxin was found to have oral and intrapeeal LD values of 100
mg/kg body mass and 10 mg/kg body mass, respegtivelmice (Omura et al.
1991). In ducklings, gastric intubation doses ofteid00 mg BEA/kg body mass
produced no 7-day median lethal dose responsevestat MON (Vesonder et al.
1999). This suggests that BEA is not an acute ttxiducklings, at least within
the context of the bioassay employed (Vesonderl.ei@99). Similarly, no
significant BEA toxicity was observed in broilerickens (Leitgeb et al. 1999;

Zollitsch et al. 2003) or turkeys (Leitgeb et 2000).

1.3.5. Combined effects of mycotoxins
There is evidence for interactions amongst myco®xivhen they occur

together. These combined effects may be synergiatiditive or antagonistic.
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For instance, the simultaneous application of BBda-zearalenol resulted in an
enhanced inhibition of porcine cell proliferatiaom $wine whole-blood cultures,
relative to when these mycotoxins were administesgplarately (Luongo et al.
2008).  Similarly, the joint application of FEnd T-2 toxin resulted in greater
decreases in the rate of body mass gain in brdilieks (Kubena et al. 1997). In
contrast, an antagonistic interaction was obsebetdieen diacetoxyscirpenol and
fusaric acid; together, these mycotoxins had aaediumpact on body mass gain
in turkey poults, compared to when they were adsténed individually
(Fairchild et al. 2005). There are few studies tieate specifically examined the
interactions between RFBMON and BEA. No synergistic effect was observed
between FB and MON when these were applied together to turgewlts
(Bermudez et al. 1997; Li et al. 2000). In broitéicks, a less than additive effect
was detected between FBnd MON (Ledoux et al. 2003). Nonetheless, the
possibility of synergistic or additive effects besm mycotoxins suggests that
even if the effects of a single mycotoxin are nghsicant in terms of human
health, the co-occurrence of various mycotoxinghair occurrence with other

secondary metabolites may still be a health concern

1.4. Research Objectives

The relatively recent emergence of internal friot of sweet pepper in
Canadian greenhouses means that little is knowardey this disease. Hence,
control strategies are based on the limited unaedétg of the interaction of its

causal agentr. lactis, with figs, and on good management practices Giogéal
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diseases in general. Increased knowledge regatid@tife cycle off. lactis on
greenhouse sweet pepper could facilitate the dpueat of additional control
methods, which could be targeted specifically tis fathogen. An additional
area of concern is the possibility of mycotoxin guotion by F. lactis in
greenhouse sweet pepper, which seems likely givahan isolate of the fungus
collected from figs produced both MON and BEA. Hf lactis from sweet
pepper also produces mycotoxins, consumption eictefl fruits could represent
a health risk, particularly since infection ofteoed not result in development of
external symptoms (thereby increasing the chanbas the fruit would be
consumed).

The present research, therefore, had two prin@pgdctives: (1) to evaluate
and quantify production of the mycotoxins {FBAON and BEA byF. lactis and
related species, both in culture and in peppertsiritand (2) to examine the
mechanism of sweet pepper infection by this funguss a part of objective (2),
the possibility of seedborne transmissiornFofactis in greenhouse sweet pepper
was also examined.  The data obtained shouldihehe development of more
efficient disease management strategies, and eaabt@e accurate assessment of

the risk of mycotoxin exposure when consuming itdédruits.
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Table 1-1.Area devoted to cropping of greenhouse sweet pepyal amount of
fruit produced, and value of the crop in Canada Alerta from 2001 to 2007
(Statistics Canada, 2003-2007).

Alberta Canada
Production Value Production  Value
Year Area (ha) (t) (million $)  Area (ha) (t) (million $)
2001 2.6 559.3 1.9 95.6 20,997.5 64.5
2002 2.9 668.1 2.3 108.1 24,7334 78.7
2003 3.5 844.1 29 139.3 29,864.7 106.5
2004 4.4 1,087.5 4.4 185.2 40,669.1 136.9
2005 5.7 1,274.6 52 215.3 51,357.3 166.0
2006 7.9 1,984.5 7.0 266.8 60,571.5 195.8
2007 6.5 1,587.6 6.0 296.4 71,315.4 206.2
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Table 1-2.Morphological characters of four simileusarium species belonging to tlé&bberella fujikuroi species complex (Leslie and

Summerell 2006).

Character Fusariumlactis Fusarium proliferutum  Fusarium subglutinans

Fusarium
verticillioides

Shape Slender and straight to Slender and relatively  Relatively slender and

slightly curved straight slightly falcate
o Apical Bent Curved Curved
Macroconidia
Foot Notched Poorly developed poorly developed
Number of Septe Usually 3 Usually 3to 5 Usually 3
Shape Obovoid, often witha  Club-shaped with a Oval
P flattened base flattened base
Microconidia Septa oL 0 0
False head and Moderate length chains False head, in which
Sporulation  zigzagged chains (short and less commonly spores are glued together,
to medium- length) false heads no chains
Mono- and polyphialide -
. - Mono- and -
Phialide Shape Mono- and polyphialide polyphialide the polyphialide may

proliferate extensively

Relatively long and
slender, slightly
falcate or straight

Curved and often
tapered to a point

Notched or
foot-shaped

3to5

Oval to club-shaped
with a flattened base

0

Commonly long
chains

Monophialide
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Fig. 1-1.Longitudinal section of a bell pepper flower, shogva complete flower

composed of sepals, petals, stamens (includingentnd filaments) and a single

pistil (including stigma, style, and ovary).
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Vascular bundle

Transmitting
Tissue

Cortex

Fig. 1-2. a, Cross-section of a sweet pepper stigma, (maguidic x35), TT=
transmitting tissudy, Diagrammatic representation of the cross-sedfanstigma
(magnification x35), showing the cortex, three wdacbundles, and the trifurcate

transmitting tissue (based on a electron microgragtu and Xu (1985)).
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Pericarp
(ovary wall)
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Fig. 1-3.Cross-section of a ripened ovary (fruit) of the siygepper.
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Testa (seed coat)

Non-micropylar
endosperm

Cotyledons

Micropylar
endosperm

(cap)

Radicle

Fig. 1-4. A mature sweet pepper seed (based on Finch-Sawage
Leubner-Metzger 2006).
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OOH
COOH

COOH
COOH

Ry Ry Rs Ra
FA; OH OH CHCONH CH
FA, H OH CHCONH Ch
FB, OH OH NH CH;
FB, H OH NH, CH;s
FB, OH H NH, CH;
FB, H H NH, CH;
FBs OH H NH, CH;s
FC, OH OH NH H
FCs OH H NH, H
FC, H H NH, H
FD* H H H H
FP, OH OH 3-hydroxypyridine H
FP, H OH 3-hydroxypyridine H
FPs OH H 3-hydroxypyridine H

*Hydroxy group between R1 and R3 replaced by hyenogtom.

Fig. 1-5. Summary of mycotoxins belonging to the fumonisamily. The
mycotoxins are classified into four main seriesBAC and P) based on the type of
side-chain connected to the fumonisin backbone ffiredd from Zollner and
Mayer-Helm, 2006).
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Fig. 1-6. The structure of moniliformin, where R = H, Nakr(image modified
from Wikipedia (vww.wikipedia.org; accuracy of structure confirmed in Burmeister
et al. 1979).
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Fig. 1-7. The structure of beauvericin (image from Wikipe@iaw.wikipedia.org
and used with permission; accuracy of structurdicoad in Jestoi 2008).
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Chapter 2. Histopathology of Internal Fruit Rot of Sweet

Pepper Caused by Fusarium lactis*

2.1. Introduction

Sweet peppersCapsicum annuum L.) are one of the most important
vegetable cash crops worldwide, and are generaltyvated in open fields or
greenhouses. In Canada, greenhouse sweet peppeagsoamn mainly in Ontario
(over 50% of Canadian production), British Columb@uebec, Alberta and
Saskatchewan, with production increasing in regears. In 2007, there were
296.4 hectares of greenhouse pepper grown in Candtlaan approximate
market value of $206 million CAD (Statistics Cana#d07). Several fungal
diseases can cause serious economic losses irhgressnsweet pepper, including
damping-off, Fusarium stem and fruit rot, gray madd powdery mildew.
Fusarium stem and fruit rot of greenhouse pepparsed byFusarium solani
(Mart.) Sacc., was reported in Ontario and Britlumbia in 1991, and caused a
5% fruit loss (Howard et al. 1994). However, a seveutbreak of this disease
resulted in a 50% yield loss in an Ontario greesiean 1990 (Jarvis et al. 1994).
Fusarium stem and fruit rot was also reported ieaGBritain, with an infection
rate of approximately 1% in greenhouse-grown swepper (Fletcher 1994).

During the 2003 growing season, an unusual fruitofosweet pepper was
observed in a commercial greenhouse in centralrfdlf&ang et al. 2004). Unlike
the characteristic feature of external fruit roused byF. solani (Howard et al.

1994), the mature fruit was infected internallydsyunknown fungus. Seeds and

*A version of this chapter has been accepted falipation: Yang, Y., Cao, T., Yan
J., Howard, R.J., Kharbanda, P.D., and Strelko%. £an. J. Plant Pathology,
Accepted 2 June 2009.
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the inner surface of the fruit wall were coveredhwa white mycelium. Greenish
to dark brown lesions formed on the outer surfdcgome fruits. However, unless
they were severely infected, most affected fruitsrevdifficult to cull before
delivery to market because external symptoms weteaadily visible. Growers
tried to grade out the infected fruit based on mkobservations, but were not
successful and a significant amount of the hardestep had to be destroyed.
Consequently, marketable yields were reduced frérkg2nt to approximately 20
kg/n?, causing a loss of around $26/ifM. Mirza, personal communication).
Following its initial identification, internal frtiirot has become a major problem
in greenhouse sweet pepper in Alberta. The caugaitehas been identified as
Fusarium lactis Pirotta & Riboni, based on fungal morphology aredjience
analysis of the elongation factoral4mitochondrial small subunit ribosomal DNA
andp-tubulin genes (Yang et al. 2009). A similar intarfruit rot of sweet pepper,
caused byFusarium subglutinans (Wollenweber & Reinking) Nelson, Toussoun
& Marasas, was found in British Columbia in 2002kiede and Mathur 2003,
2004).

Ngugi and Scherm (2006) classified flower-infectimggi into three groups,
based on the types of infections with which theg associated. These groups
include fungi that cause: (1) unspecialized infats (2) specialized gynoecial
entry infections, and (3) specialized systematfedtions. One of the gynoecial
entry fungi, Monilinia vaccinii-corymbosi (Reade) Honey, can infect blueberry
flowers through the stigma-style pathway (Ngugi @cherm 2004). Fungal

development in the stylar canal mimics that of poen tubes, exhibiting highly
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directional growth and adhering to the exudatesdiimner surface of the style
(Ngugi and Scherm 2004, 2006). A&slactis grows only on the inside of the
pepper fruits, causing few external symptoms, passible that this pathogen is
also a specialized gynoecial entry, flower-infegtfangus.

Hu and Xu (1985) reported that the mature stylangmitting tissue of the
sweet pepper flower is composed of parenchyma eétls large intercellular
spaces, and that the pollen tubes grow throughinteecellular spaces of this
tissue. They also noted that the transmitting &ssway provide nutrients for
pollen tube growth. These characteristics of pefflpgrers could also provide a
favorable environment for growth of and infectionfangal pathogeng:usarium
lactis, which is not very aggressive relativeRosolani (Yang et al. 2006), might
be able to pass through the intercellular spacéseofransmitting tissue with little
damage to the host cells. Ofosu-Anim et al. (20@ported that pollen tubes
reached the ovary within 1.5 days after pollinatiol entered the ovules within 2
days after pollination. It is thus possible tha thngal hyphae penetrate the ovule
shortly after flowering by following the pollen tebpathway. Moreover, the
stigmata and styles become browned and withered aftthesis (Ofosu-Anim et
al. 2006), and the senescing floral tissues mayeaésly infected by weak
pathogens such &slactis.

These observations support a previous suggestiah tthe stigma-style
pathway is similar to a natural wound through whpetthogens can preferentially
enter (Ngugi and Scherm 2006). Utkhede and MatB004) noted that 3% of

sweet pepper seedlings germinated from seeds g a commercial supplier
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were covered with a mycelium similar to thatFofsubglutinans, another casual

agent of internal fruit rot. This also suggestd th&ernal fruit rot pathogens may
be seed-transmitted. In the current study, we deite hypothesis that internal
fruit rot of sweet pepper, caused Byactis, is initiated via infection of the stigma
and style at the flowering stage. The objectivethisf study were to: (1) examine
the mechanism of infection bl lactis, and (2) evaluate the possibility of
seedborne transmission of the pathogen in greeehewuget pepper. To our
knowledge, this is the first comprehensive studgwéet pepper fruit rot caused

by F. lactis.

2.2. Materials and Methods
2.2.1. Plant material

Seeds of the sweet pepper cv. Sympathy, providethé\Rijk Zwaan Seed
Company (De Lier, the Netherlands), were planted.facm x 2.5 cm x 2.5 cm
rockwool cubes (Westgro, Calgary, AB) soaked inllelhawater in plastic trays
and maintained in a growth chamber at 25°C/20°Cy/(dght). When the
seedlings were 2 weeks old, they were transplataté®® cm diameter pots (at a
density of 1 plant per pot) filled with Pro-Mix @mier Horticulture Inc.,
Quakerton, PA, USA) growth medium and kept in aegh®use under the same
conditions. Plants were watered with a nutrientsoh containing 200 ppm each
of nitrogen and calcium, 55 ppm each of phosphang magnesium, 318 ppm
potassium, 3 ppm iron, 0.5 ppm manganese, 0.12 ppan of copper and

molybdenum, 0.2 ppm zinc and 0.9 ppm boron (Cafi#xl), with a pH of 6.0
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and an electrical conductivity of 2.5 S:trin an open hydroponic system in a

greenhouse at the Alberta Research Council, VeligeiB.

2.2.2. Fungal material and inoculation

Isolate F2004-C of. lactis, which was originally obtained from a sweet
pepper fruit from a greenhouse in central Albewas grown on carnation leaf
agar (CLA, Leslie and Summerell 2006) at 25°C undkernating light/dark
conditions (12h/12h) for 2 weeks to induce sporotatAfter sporulation, conidial
suspensions were prepared by vortexing five culplugs (each 1 cm in diameter)
in 10 mL sterilized distilled water (sdB) in a 20 mL test tube, with 0.001% (v/v)
Tween 20 (polyoxyethylene glycol sorbitan monoléeyancluded as a surfactant.
The conidial suspension was adjusted to a condimtraf 0.8 x 16 to 3 x 18
spores/mL by counting both macro- and microconidim a haemocytometer.
Fungal inoculation was performed 24 h after anthés placing 10 pL of the
conidial suspension on the stigma and anthers, dratedy after they were
artificially pollinated by gentle brushing. The mdated flowers were harvested
0.5, 1, 2, 5, 6, or 11 days after inoculation (DAdihd prepared for examination
using stereo, fluorescence and scanning electrerosdopy as described below.
Some of the inoculated pistils were surface-stili and cultured on potato
dextrose agar (PDA) to confirm infection. Non-intatad pistils served as

controls.
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2.2.3. Stereomicroscopy

Pepper flowers were harvested at various DAI andomly selected ovaries
were dissected and examined for evidence of irdeatiith a stereomicroscope at
50-fold magnification. Some of the ovules on whitlfere appeared to be

hyphal-like growths were cultured on PDA to confimfection.

2.2.4. Cryo-sectioning, light and fluorescence mioscopy

Freshly harvested stigmata and styles were mounteddrop of cryomatrix
(with 10% polyvinyl alcohol and 4% polyethylene gby) (Shandon, Thermo
Electron Corporation, Waltham, MA, USA) and plagedhe cryo-chamber of a
cryotome (Shandon, Thermo Electron Corporation tiegah, MA, USA) that was
set to -17 + 2°C. The frozen samples were theredisd into 9 pm sections and
arrayed on microscope slides in the cryo-chambfter Ahe cryomatrix melted at
room temperature, some slides were stained witpsdod lactophenol cotton blue
and examined by light microscopy. Most sectionsyédwer, were stained with
several drops of 0.005% aniline blue in 0.15WHRO, (Khatypova et al. 2002)
and observed with a fluorescence microscope (Stdnda Fluorescence
Microscope, Carl Zeiss, Oberkochen, West Germangeublue light excitation
(480 nm). Images were recorded with a digital cam@&iagnostic Instruments
Inc., Sterling Heights, MI, USA) mounted on the rmicope and connected to a
computer. Software Spot (Diagnostic Instruments.)lngas used for image

processing and analysis.
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2.2.5. Scanning electron microscopy

The method of Viret et al. (2004), with some mazdfions, was used for
scanning electron microscopy (SEM). Inoculatednséith and styles were fixed in
5% glutaraldehyde in 0.03M,4-piperazine bis (2-ethanosulfonic acid) (PIPES)
buffer (pH 6.8 - 7.0) (Viret et al. 2004) for 2 Imder vacuum, rinsed in PIPES
buffer and dehydrated in a graded ethanol seri®%(130%, 50%, 60%, 70%,
80%, 90% and 100%). The samples were then cripicedt dried in CGQ,
mounted on aluminum stubs, sputter-coated with gald observed in a scanning

electron microscope (Jeol X-Vision JSM6301 FXV, JokJapan) at 5 to 11 kV.

2.2.6. Cryo-stage SEM

Fresh samples were mounted on stubs with glue,frazén for 15 min in
liquid nitrogen at —210°C in a cryo-stage chamie&miech K1250, Ashford,
Kent, UK). After a freeze-fracturing step, the séaspwere placed on a scanning
electron microscope (Jeol JSM-6301 FXV) stage fbn8n at -40°C to thaw ice
crystals, and were then gold-coated at -178°C e diyo-stage chamber. The

specimens were observed directly by SEM in the-stgge.

2.2.7. In vitro interaction between germinating pollen grains andfungal
conidia

Sweet pepper pollen grains from newly opened flsweere brushed into a
1.5 mL Eppendorf tube and mixed with a 1 mL coridaspension oF. lactis

F2004-C. Three sets of freshly excised stigma-stglaplexes were added to the
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suspension and physically crushed with forcepsrdeoto promote pollen grain
germination and serve as a source of nutrition58 [iL volume of the resulting
mixture of pollen grainsF. lactis conidia and crushed pepper stigma-style
complexes was spread on 2% water agar in 90 x 13etnmdishes, incubated at
room temperature for 4, 18 and 24 h, and examinetight microscopy. The
experiment was repeated three times. A mixture afep grains and crushed

stigma-style complexes without conidia was used esntrol.

2.3. Results
2.3.1. Pre-penetration

Scanning electron microscopy of inoculated florgbues revealed hyphal
growth on the surface of the stigma (Fig. 2-1a) aloag the side of the style (Fig.
2-1b) at 12 h after inoculation. In non-inoculatiowers, pollen grains were
visible on the surface of the stigma, but no hypaee observed on or in the
stigma-style complex (data not shown). The hypmathé inoculated treatments
continued to proliferate on the surface of therstigand were more apparent at 1
DAI (Fig. 2-1c). Spores dF. lactis had also germinated and begun to grow on the
surface of the anthers at 1 DAI, colonizing manyh& pollen grains (Figs. 2-1d
and 2-1e). The fungus continued to grow on thearghrface over the next day,
so that by 2 DAI extensive hyphal growth could beserved (Fig. 2-1f).
Inoculated stigma-style complexes yielded colowiEB. lactis when cultured on

PDA (data not shown).
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2.3.2. Penetration and post-penetration
Hyphae of F. lactis could be observed on the stigma throughout the

time-course of the study, including at 6 DAI (Figs2a and 2-2b). Growth
within the style, however, was not clearly visihlgil 5 to 6 DAI after inoculation.
Nevertheless, by 6 DAI, penetration and growthheffungus within the style was
evident in the inoculated tissues (Figs. 2-2c, 2a2dl 2-2e). No specialized
penetration structures, such as appressoria, wesenged at any point in this
study. The transmitting tissue in the inoculategnsa-style complexes fluoresced
a yellowish-red color, indicative of cell death, 6yDAI (Figs. 2-3b and 2-3d),
while in the non-inoculated stigma-style complextég transmitting tissue was
generally greener (indicating greater cell viap)li{fFigs. 2-3a and 2-3c). Pollen
tubes, visible as bright green spots or strandthéntransmitting tissue of the
non-inoculated styles, could also be observedas<(Fig. 2-3a) and longitudinal
tissue sections (Fig. 2-3c), respectively. Closam@ration confirmed the absence
of septa in the pollen tubes (Fig. 2-3e) along withir presence in the fungal
germ tubes (Fig. 2-3f). By 11 DAI, the styles intlbathe inoculated and
non-inoculated treatments had turned brown, an2l Wwegeks after inoculation, the
styles had wilted or fallen off. No hyphal-likesttures were observed in or on
the non-inoculated stigma-style complexes at ame4point, when these were
examined by fluorescence microscopy. However, & i@ossible to distinguish
fungal hyphae from plant tissues stained with lplsemol cotton blue or acid

fuchsin using light microscopy.
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2.3.3. Infection of the ovary

The presence of hyphae inside the ovaries of imbedl|flowers could also be
observed by SEM; at 5 and 6 DAI, the hyphae hadnibéd the surface of the
placenta and the ovules (Figs. 2-4a and 2-4b),hatblalso penetrated into the
placenta (Fig. 2-4c). This hyphal-like material wamfirmed to be fungal in
origin by culturing of the suspect strands on PDétgs for a 6-day period-.
lactis colonies grew from all of the hyphal-like straralsd some of the ovules
transferred to PDA. In contrast, the ovaries of -imwculated flowers appeared
healthy and no fungal colonies could be recoverbdnathese were cultured on

PDA (data not shown).

2.3.4. Infection of the fruit and seeds

Pepper fruits that developed froR lactis-inoculated flowers exhibited no
external symptoms at 45 DAI. However, when thet$éruwvere sectioned, fungal
mycelium was found growing on the placenta and see@r the point where the
style tissues originally met the ovary (Figs. 2&bal 2-5b). Some of the infected
seeds were grayish-black in color and were coveyeaycelium. Examination by
SEM on a cryo-stage revealed hyphal growth andugibon within the fruits and
on the seeds (Figs. 2-6a and 2-6b). Furthermorghdwey/ could be observed on the
inside of the seed coat (Fig. 2-6¢) and insideeth@dosperm (Figs. 2-6d, 2-6e and
2-6f). In some cases;. lactis was also able to colonize the inner wall of the

ovary/fruit (data not shown).

5C



Healthy-looking seeds, randomly picked from a Hwsalboking but
inoculated pepper fruit at 36 DAI, were culturedRDA directly or after surface
sterilization. Five days later, 11% of the surfaterilized seeds and 44% of the

non-treated seeds yielded typical colonieB.déctis (Fig. 2-7).

2.3.5. Interaction between germinating pollen graia and fungal conidia

Light microscopy revealed no strong interactionsMeen germinating pollen
grains and conidia df. lactis on axenic culture (Figs. 2-8a and 2-8b). In some
cases, the young hyphae appeared to colonize thenpgrains, but no fungal
proliferation within the pollen tubes was observ@éigs. 2-8c and 2-8d).

Colonization of the pollen grains prevented theimgination.

2.4. Discussion

Microscopic examination of pepper flowers inocutaveth F. lactis revealed
hyphal growth on the stigma as early as 12 h afteculation (Fig. 2-1b), and
growth within the style (Fig. 2-2) and on the ovéissues (Fig. 2-4) was evident
at 5 and 6 DAI. Fungal colonization of the styilkely occurred prior to this
time, since it would have presumably preceded tidacof the ovary; however,
hyphae ofF. lactis were not readily observed until later, perhapseotihg the
limited proliferation of the mycelium within the y& tissue (Fig. 2-2).
Nonetheless, the occurrence of mycelial growthhtendurface of the stigma and
inside the style supports the hypothesis thdgctis infection of sweet pepper
fruits is initiated via the infection of the stignznd style during anthesis. The

absence of any penetration structures, such agsgipia, is also consistent with
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this hypothesis, because it appears that formaticuch structures is not required
for successful infection. The existence of largeercellular spaces in the
transmitting tissue of the style (Hu and Xu 198%3ynifacilitate hyphal growth
within the style, even for a weak pathogen sucli.dactis. Senescence of the
style appeared to occur later in the current stredgtive to a previous report
(Ofosu-Anim et al. 2006), perhaps as a result thédint experimental conditions
or cultivars used. Nevertheless, the senescirspdss may have provided a
favorable environment for the fungus, and the desgd viability of the
transmitting tissue (Fig. 2-3) could indicate selexingress of. lactis through
this tissue. Moreover, at 45 DAI, the fungal hyplwlonized the placenta and
seeds at the position close to the original locabb the style (Fig. 2-5). Since
there is no evidence to suggest thdfactis penetrates directly through the ovary
wall from the outside, the stigma-style complex niegythe main pathway for
pathogen ingress. The strongest support for thidenaf entry, however, may
come from the microscopic detection of hyphal growh the stigma-style
complex (Fig. 2-2) and on the ovules (Fig. 2-4).

Ngugi and Scherm (2004) found that when the pathodd.
vaccinii-corymbosi infected blueberry flowers, it was able to mimibet
pollen-pistil interaction by highly directional gath. However, both directed and
branched growth patterns were observe#. ikactis on/in the stigma and style at
the early stages of infection. Thus, althodghactis did not kill the plant tissue
immediately and exhibited weak pathogenicity ongeegruits (Yang et al. 2006),

there is no indication that the fungus can mime pbllen-pistil interaction during
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the infection process. Nonetheless, after growimgugh the stigma and style and
entering the ovary chamber, hyphae foflactis became established on the
placenta and ovules (Fig. 2-4). Fungal pathogeng imzade the ovule through
the micropyle by following the path of the polleabé or as free-growing
mycelium in the locule (Dalbir and Mathur 2004)n& the pepper ovules are
anatropous (i.e., the ovule is inverted and sttagth the micropyle facing the
placenta), and the micropyle of the ovule is futhbedded in the placenta tissue,
the penetration df. lactis into the placenta (Fig. 2-4¢) suggests that thibquen
may infect the seed through the micropyle by folloyvthe growth path of the
pollen tubes.

In some inoculated pepper fruits, a number of theds were colonized by
fungal mycelium and/or exhibited a strong discdiora (Fig. 2-5), which
suggests thdt lactis probably utilized nutrients from the ovules/setmisupport
its growth and cause internal infection of thetBuHowever, symptomless seeds
collected from one of the asymptomatic pepper graiso yielded colonies &t
lactis when cultured on PDA (Fig. 2-7), indicating thaé ttungus can likely be
spread via symptomless infection of the seeds ftierdnt greenhouses. The
possibility of seed transmission was also suggestedJtkhede and Mathur
(2004), who found that the fungis subglutinans, which is also associated with
internal fruit rot, could be recovered from comnigltg purchased seeds. Thus,
seed transmission appears to play a role in disga®ad, although further work
is required to understand how the fungus becontableshed in greenhouses and

spreads from infected seeds to flowers. It is Wwambting that two fungal
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isolates from British Columbia, originally idengfi asF. subglutinans, were later
reclassified ad~ lactis based on molecular analyses, and that rRosarium
isolates causing internal fruit rot collected frgreenhouses in Alberta, British
Columbia, Saskatchewan and Ontario were Bl$actis (Yang et al. 2006).

In vitro examination revealed that germinating sporesFofactis could
colonize the pollen grains, thereby reducing tgeimmination (Fig. 2-8), although
proliferation of hyphae within the pollen tubes wast observed. It is possible
that thein vitro system, consisting of a mixture of pollen graisppres and
crushed pepper stigma-style complexes, did notrataly reflect thein planta
situation. Additional examination of this issue mbg warranted, particularly
since colonized pollen grains may be picked updiiimators and spread amongst
flowers in a greenhouse. Indeed, fungal hyphaeitedcalary chlamydospores
were observed on pollen grains on a bee colleated pepper greenhouse in
Alberta (data not shown).

Based on the observations made in the current stuelpropose a model for
sweet pepper infection by, lactis that begins with the deposition of conidia on
the stigma by insect pollinators or from the airaifg et al. 2008). After
germination and a brief period of growth on thefaee, the fungus penetrates the
stigma tissue and grows down the style. Hyphae gige superficially along the
outer surface of the style, but rarely penetratenfthe outside. Eventually, the
fungal hyphae reach the ovary tissue and beginthrow the inner surface of the
ovary as well as penetrating the placenta and safntiee ovules. This infection

through the floral reproductive tissues resultsthe typical internal fruit rot
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symptoms associated with this disease. Moreovézction of the fruit interior
results in the production of infected seeds. Soméese seeds may have no
external signs of infection, thus facilitating sdsatne transmission di lactis. It
is likely, therefore, that internal fruit rot wiltontinue to be a problem in
greenhouse sweet pepper production. Nonethelesgempsanitation and careful

selection of seed sources may help to reduce thadtof this disease.
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Fig. 2-1.Scanning electron micrographs of sweet peppemstigy and anthers after
pollination and inoculation witFusarium lactis. a, Fungal hyphae (H) colonizing
pollen grains (P) on the stigma, 0.5 day after umation (DAI); b, Hyphae
growing on the outer surface of the style, 0.5 D&lGerminated spore (S) and
extensive hyphal (H) growth on the stigma and pofjeains (P), 1 DAId ande,
colonization of pollen grains (P) by hyphae (H) tbe anther surface, 1 DA{;
extensive hyphal growth on the anther surface 2.DAI
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Fig. 2-2. Fluorescence micrographs of the sweet pepper atgjgtle complex, 6
days after inoculation (DAI) withFusarium lactis. a and b, Hyphae (arrows)
growing on the stigmag, Longitudinal section of the infected stigma-style
complex;d ande, Hyphae (arrows) growing through the style.
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Fig. 2-3.Fluorescence micrographs of the sweet pepper atgigte complex after
pollination and/or inoculation withFusarium lactis. a, Cross-section of an
uninoculated style, with pollen tubes appearingvasd green spots in the
transmitting tissue (TT), Cross-section of a style 6 days after inoculaf@Al),
with TT fluorescing yellowish-red;, Longitudinal section of an uninoculated style,
with pollen tubes appearing as bright green fleoksstrands in the TTd,
Longitudinal section of an inoculated style 6 DAWjth the TT fluorescing
yellowish-red; e, A germinating pollen grain on an inoculated stigmiaA
germinated microconidium with a septum (arrow) blisiin the germ tube. Green
staining indicates cell viability, whilst red staig indicates necrosis and yellow
intermediate viability.
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Fig. 2-4. Scanning electron micrographs showing sweet peppgdes and fungal
hyphae 6 days after inoculation (DAI) of flowersthvFusarium lactis. a and b,
Growth of hyphae (H) on the ovules (O) inside tharg, PL = placenta,
Branched hyphae growing into the placenta (PL)hat gite beneath the style.
Similar results were obtained at 5 DAI (not shown).
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Fig. 2-5. Sweet pepper fruit with symptoms of internal frudt caused by
Fusarium lactis, 45 days after inoculationa and b, Proliferation of fungal
mycelium (circled in white) on the placenta anddseeear the original style.
The fruit exhibited no external symptoms of infeati

62



e 7 f’ oum WS LT

Fig. 2-6. Scanning electron micrographskaisarium lactis-infected pepper seeds
(freeze-fractured) in fruit developed from an inlated flower 45 days after
inoculation.a andb, Fungal sporulation within an infected frust;Hyphal growth
on the inner surface of the seed coat (SC) anddarehdosperm (ENY, e andf,
Growth of hyphae inside the endosperm (EN) of &ecited seed.
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Fig. 2-7. Development ofFusarium lactis colonies from symptomless seeds
collected from a healthy looking but inoculated pep fruit, 36 days after

inoculation. The seeds were either surface stedlitop Petri dishes) or not
sterilized (bottom dishes) prior to plating on potalextrose agar for a 5-day
period.
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Fig. 2-8. Interaction of germinating pepper pollen grains anacroconidia of
Fusarium lactis on water agara, A germinated pollen grain with pollen tube 4 h
after plating on agar in the absence of the fungu#s pollen grain that did not
germinate due to colonization by hyphad-ofactis; ¢ andd, Fungal hyphae did
not grow or proliferate within the pollen tubeseavi8 h after plating on the agar.



Chapter 3. Mycotoxin production by isolates of Fusarium

lactis from greenhouse sweet pepper

3.1. Introduction

Internal fruit rot has emerged as an important atiseof sweet pepper
(Capsicum annuum L.) in Canadian greenhouses (Yang et al. 2009)icajly,
disease development is associated with the grofvhwahitish-grey mycelium on
the seeds, placenta and inner surface of the walhfected fruits. External
symptoms occur only in severe infections, and &tradi greenish to dark-brown
lesions on the outer surface of some fruits. Thecpal causal agent of internal
fruit rot is Fusarium lactis Pirotta & Riboni (Yang et al. 2009), although the
closely related fungiFusarium proliferatum (Matsushima) Nirenberg and
Fusarium verticillioides (Saccardo) Nirenberg have also been implicatethis

disease (Utkhede and Mathur 2003; Yang et al. 2009)

As a member of th&ibberellafujikuroi (Sawada) Wollenw. species complex
(Fusarium sectionLiseola), F. lactis from greenhouse sweet pepper may produce
toxic secondary metabolites or mycotoxins, suchhasfumonisins B and B
(FB1 and FB), moniliformin (MON), beauvericin (BEA), enniatinBisaproliferin,
fusarins, fusaric acid, and gibberellic acid (Nberg and O’Donnell 1998;
Moretti et al. 2007). Indeed, an isolateFoflactis from fig (Ficus carica L.), on
which the fungus causes endosepsis (Michailideal.e1996), was shown to
produce both MON (Fotso et al. 2002) and BEA (Mwret al. 2007). Since

infected pepper fruits show few (if any) externginptoms of disease and may
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not be culled before delivery to market, there igisk that they could be
purchased and consumed (Yang et al. In Press). ofdyins can persist in
infected fruit tissue after removal of the myceliuand depending on fruit
characteristics, may also diffuse into healthy ugss (Restani 2008). Thus,
mycotoxin production by lactis in sweet pepper could represent an important
food safety concern, especially given the incregsegllarity of this fruit as a

component in fresh salads, in which it undergoeaduttional processing.

The mycotoxin FB is classified as a Group 2B carcinogen (possibly
carcinogenic to humans) by the International AgefamyResearch on Cancer
(1993), and a statistically significant correlatimas found between exposure to
FB; by ingestion of moldy corn and the incidence ofnlam esophageal cancer in
some regions of South Africa and China (Marasad R0the acute and long-term
toxicity of MON to humans is not known, althoughist highly toxic to many
animals, including mice, chickens, minks, and sh@gepiewed in Jestoi 2008)
This mycotoxin has also been suggested to be teeaaf a fatal heart condition,
known as “Keshan disease”, which affects peopleerain parts of China and
South Africa where large amounts of corn are corslBottalico 1998)BEA
may induce apoptosis (programmed cell death) and Dadgmentation, resulting
in its toxicity to several human cell lines (Logree et al. 1997; 1998).
Furthermore, the co-occurrence of ;FBAON, and BEA with other secondary
metabolites may also pose a health concern, siresetmycotoxins can act in an

additive or synergistic manner to cause increageidity (Ledoux et al. 2003).
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Despite these risks, there is, to our knowledgejnfiarmation available on
mycotoxin production by lactis from sweet pepper, or on the occurrence of, FB
MON and BEA in infected pepper fruits. Such infotmoa is important to
properly evaluate the hazards posed by consumpfidn lactis-infected sweet
pepper fruit. Consequently, the objectives of thligdy were to: (i) evaluate
mycotoxin production by lactis and closely related fungal species isolated from
greenhouse sweet pepper, and (ii) determine whetletectable levels of

mycotoxin contamination occur in diseased sweepeefiuits.

3.2. Materials and Methods
3.2.1. Fungal material

A total of 17 isolates of. lactis, three ofF. proliferatum and one ofF.
verticillioides, collected from naturally infected pepper fruits commercial
greenhouses in Alberta, British Columbia, Saskatetm Ontario and the
Netherlands, were included in this study (Table).3-1The isolates were
classified to species based on morphological teaitsby sequence analysis of the
elongation factor I, mitochondrial small subunit ribosomal DNA, apdubulin

genes (Yang et al. 2009).

3.2.2. Culture conditions
Fungalisolates were initially grown on Spezieller Nahfietomer Agar (SNA,
Leslie and Summerell 20pén 90 mm diameter Petri dishes for a 10 day pknath

the cultures kept at room temperature (RT) undeh light/12 hdark (Nirenberg
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1981), after which they were transferred to ricedme. To prepare the rice
medium, 50 g of polished rice were soaked overnigi22 ml distilled water in a
250 ml flask and autoclaved for 30 min at 121°Cdtecki et al. 1999). Three 8
mm-diameter agar plugs, bearing fungal mycelium spates, were excised from
the SNA cultures of each isolate and used to irateuthe rice medium. Two
flasks were inoculated per isolate, and the flagte incubated at RT in darkness
for 3 weeks. Controls were inoculated with steplegs of SNA. After harvest,
the duplicate cultures of each isolate were poalad air dried in a fume hood at
RT for a 48 h period. The dried samples were homiage in a coffee grinder
(Fast Touch 203-42, Krups, Toronto, ON, Canadaj, the resulting powder was
stored in a plastic bag at -20 °C. The controlcihated with sterile agar were

processed in the same manner.

3.2.3. Inoculation of sweet pepper fruits

Mature sweet pepper fruits were inoculated withidiah suspensions of.
lactis isolate F2004-CF. proliferatum isolate F2006-AB-5, oF. verticillioides
isolate F2007-ON-B1-1. Briefly, each pepper fruilas wounded at the
inoculation point with a needle and a 1 ml sporspsusion (1 x f0spores/ml)
was injected into the wound. A total of four peppeiits (two red and two
yellow), purchased from H & W Produce, Edmontonbekta, were inoculated
with eachFusarium isolate. Peppers inoculated with sterile distiNeater served
as controls. Each inoculated pepper was incubaté&d bwn sealed plastic bag at

RT for 11 days. Following incubation, the fruitens dissected and the fruit

69



tissue was separated into two groups: (1) heavibgaded tissue exhibiting
soft-rot symptoms and the presence of fungal myoeliand (2) symptomless or
lightly diseased tissue, with no obvious myceliabwgth but some restricted
soft-rot symptoms. The fruit tissues from these voups were homogenized
separately in a blender (700G, Waring Laboratorysé&ience, Torrington, CT,

USA) and processed for mycotoxin detection as desdhbelow.

3.2.4. MON analysis
3.2.4.1. Extraction and cleanup

Extraction and preparation of MON for HPLC analysws based on a
protocol provided with a commercially purchased bseg" 240 column
(Romer Labs, Inc., Union, MO, USADPried and ground rice culture (10 g) was
mixed with 50 ml acetonitrile (ACN):water (84:16/vy in a 125 ml flask, and
incubated on an orbital shaker at 200 rpm for THis crude extract was filtered
under vacuum through Whatman No.1 filter paper, and ml aliquot of the
filtrate was passed through a Myco5&®240 MON column (Romer Labs, Inc.).
The eluted solution was evaporated to dryness ainR¥ speed vacuum (Heto,
Birkrod, Denmark) and re-dissolved in 400 ul of hagtol (MeOH). The MeOH
solution was centrifuged at 16,000 g for 10 mirg #re supernatant was collected
and stored in a 2 ml HPLC vial at 4°C until injectionto an HPLC. Control
cultures inoculated with sterile SNA agar were pssed in the same manner.
Two sub-samples of dried, ground rice culture waecessed for each isolate as

well as for the control. Extraction of MON from eet pepper fruit was

7C



conducted in a similar manner, except that 10 gsffrmass) of homogenized
tissue was extracted in 40 ml ACN:water (84:16,),vAnd the eluate from the
Mycosep™ 240 column (Romer Labs, Inc.) was dried underogién and
re-dissolved in 500 pl of MeOH.
3.2.4.2. HPLC conditions

MON production was quantified with an HPLC systeérar{an, Walnut Creek,
CA, USA) consisting of two Prostar 210 pumps, onestr 325 detector, and one
Prostar 410 auto-sampler. The analytical columhizet was a 150 x 4.6 mm
Supelcosii™ (Supelcolnc., Belafonte PA, USA), 5 um LC-18 reversed phase
column, fitted with a Supelco Pelliguard LC-18 gliaolumn (50 x 4.6 mm).
Samples were applied in 20 aliquots, with highly concentrated samples ditute
10-fold with MeOH prior to injectionThe column was maintained at RT during
analysis, and the absorbance of the eluate wastonedi at 256 nm. The
solvents in the mobile phase consisted of 0.1%-efityl-ammonium hydroxide
(TBAH) in water (pH = 4) (A) and ACN (B). Samplesre analyzed by means of
a linear elution gradient over 48 min at a floneraf 1 ml/min, starting from 0O to
6% solvent B over 1 min, 6 to 9% solvent B ovem2is, 9% to 100% solvent B
over 2 min, an isocratic flow of 100% solvent B #®min, and a return to 0%
solvent B over 2 min. The final 10 min of the ruwmsisted of an isocratic flow of
100% solvent A. Data were collected using a Gal&@omatography Data
System version 1.9 (Varian), and MON was quantifie@sed on the UV

absorption at 256 nm. The detection limit was GQpsn.
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3.2.5. BEA analysis
3.2.5.1. Extraction and cleanup

The method of Kostecki et al. (1999), with slightdifications, was used to
extract BEA from rice cultures and infected sweepper fruits. Briefly, 8 g
ground dry rice culture or 10 g fresh fruit tisswere dissolved in 40 ml of
ACN:MeOH:water (16:3:1, v/v/v), and mixed thoroughby incubation on an
orbital shaker at 200 rpm for 1 h. The extractseméren filtered under vacuum
through Whatman No.1 filter paper, and a 15 ml wdiqof the filtrate was
transferred into a glass test tube and defattedetwsith 10 ml of heptane. The
bottom layer was dried under nitrogen, re-dissolired5 ml of MeOH:water
(55:45, vlv), and extracted twice with 10 ml of methylenblocide. The
methylene chloride phase was collected and drieginagrhis residue was
re-dissolved in 1.5 or 3 ml of ACN for fruit- orce culture-derived samples,
respectively, and centrifuged at 16,000 g for 10.Mhe supernatant (1.4 ml) was
transferred into a 2 ml HPLC vial and stored atCAuntil injection. Two 10 g
sub-samples were processed for each isolate assvidl the control.
3.2.5.2. HPLC conditions

The HPLC apparatus and column used for the queatifin of BEA were
identical to those described above for MON. Twepkyof each sample were
injected into the HPLC system, with highly concated samples diluted 10-fold
with ACN prior to being re-injected. The column wasintained at RT during the
analysis, and the UV absorbance of the eluate wasitared at 205 nm. The

solvents used in the mobile phase were water (A) A6N (B). The samples
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were analyzed using an elution gradient at a flate of 1 ml/min, starting with
an isocratic flow of 70% solvent B for 6 min, foled by 70 to 65% solvent B
over 17 min, and finally an isocratic flow of 65%l\&ent B for 1 min; the column
was returned to initial conditions by isocratici@f 70% solvent B over 2 min.

The detection limit for BEA was 0.05 ppm.

3.2.6. FB analysis
3.2.6.1. Extraction and cleanup

A method provided by Romer Labs, Inc., was usedefdraction of FB.
Ground dry rice culture or infected fruit tissué (4) was extracted with 40 ml
ACN:water (50:50) by incubation on an orbital shake 200 rpm for 1 h. The
crude extract was filtered under vacuum through Wha No.1 filter paper and
adjusted to pH 6-7 with 0.5 M sodium hydroxide,oprio passing through a
MultiSep® 211 Fum column (Romer Labs, Inc.). Briefly, thaulliBeg® 211
Fum column was equilibrated with 5 ml of MeOH, &mled by 5 ml MeOH:water
(3:1, v/iv). A3 ml aliquot of the filtered extrastas mixed with 8 ml MeOH:water
(3:1, viv), and the mixture was applied to the omtu The column was then
washed with 8 ml of MeOH:water (3:1, v/v) followeg 3 ml of MeOH, and the
sample was eluted with 10 ml MeOH:acetic acid (99A/). The eluate was
evaporated to dryness under nitrogen, and re-esdoin 500l ACN:water
(50:50, v/v). Two 10 g sub-samples were processee@dch isolate as well as for

the control.
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3.2.6.2. HPLC conditions

The HPLC apparatus and column used for quantioatf FB, were the same
as for MON and BEA, above, except that the systeas @also connected to a
Shimadzu RF-535 fluorescence detector (Shimadzwidylapan) atex = 335
nm andiem = 440 nm.The column was maintained at RT during the analysi®
prepare samples for injection into the system, & {l2volume of the fruit or
culture extract was mixed with 2pl ortho-phthaldialdehyde (OPA) reagent
(prepared as described by Sedgwick et al. (1994g) a 50ul aliquot of this
mixture was applied with an auto-injector. Highlgncentrated samples were
diluted 10- or 100-fold with ACN:water (50:50, vAprior to injection. The
solvents in the mobile phase consisted of ACN:watetic acid (40:60:1, v/v/v)
(A) and ACN:acetic acid (99:1, v/v) (B). The samplas analyzed using a linear
elution gradient over 18 min at a flow rate of Ymh, with 0 to 35% solvent B
over 10 min, 35 to 100% solvent B over 1 min, aciatic flow of 100% solvent
B for 1 min, and a return to initial conditions (@ solvent A) over 3 min. Under

these conditions, the detection limit for ABas 0.2 ppm.

3.2.7. Quantification of mycotoxins

Mycotoxins were quantified by means of five-poirtegnal calibration curves
prepared using commercially purchased standard#) wWie concentrations
calculated based on the area under each curveliide range for the MON

calibration curve was between 0.1 and 10 ppA¥(R.9961), whilst for BEA and
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FB; the linear ranges were between 10 to 200 ppf (R9975) and 0.5 to 5 ppm

(R?= 0.9959), respectively.

3.2.8. Recovery of mycotoxins

Rates of each mycotoxin recovery were evaluatedpiing inoculated and
non-inoculated rice cultures with commercial myatostandards, as follows: (1)
cultures of F. proliferatum isolate FGH-15, F. lactis F2004-Z, and a
non-inoculated control were spiked with 0, 2.5, &mgpm MON, (2) cultures dF.
lactis isolates F2006-SK-2 and SUN SUISI-2, and a nowcdtaied control were
spiked with 0, 15 and 30 ppm BEA, and (3) cultues. lactis isolates F2004-C
and F2006-SK-3, and a non-inoculated control werkesl with 0, 0.25, and 0.5
ppm FB. The spiked samples were processed and analgzédsaribed above
for each mycotoxin, with corresponding non-spikathples used to monitor basal
mycotoxin levels in these cultures. The averagevexy rates for MON and BEA
in rice culture were 50.8% and 77.1%, respectivEhe recovery rate for RBs
currently being determined. Data presented in &sellts were not corrected for

the recoveries.

3.2.9. Confirmation of mycotoxin production

Mycotoxins were identified by comparing HPLC retenttimes with those of
each standard; identities were further validateddanning the UV spectra using a
diode array detector (Shimadzu SPD-M10A VP, SpeatraScientific Inc.,

Toronto, ON, Canada). In addition, the presenceM@N, BEA and FB in
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naturally infected pepper fruits and selected calwfF. lactis was confirmed by
liquid chromatography-mass spectrometry (LC-MS) orliquid
chromatography-tandem mass spectrometry (LC-MS-MBiefly, for detection
of MON, an infected pepper fruit collected in anbéita greenhouse and rice
cultures inoculated witlr. lactis isolates F2004-C and Fsa-1 were processed as
described above, and subjected to LC-MS-MS on aeWat695 liquid
chromatograph (Waters Corporation, Milford, MA, USAonnected to a
MicroMass Quattro Micro triple-quadrupole mass ¢meneter (Waters
Corporation), with the electrospray ionization prah the negative mode. For
detection of BEA, an infected pepper fruit and dtwe of F. lactis isolate
F-2006-SK-2 were processed as above and subjeaté€MS (Agilent 1100
LC-MS, Agilent Technologies Inc., Santa Clara, @fSA), with the electrospray
ionization probe in the positive mode, 150 V fragmoe. Finally, the presence
of FB; was confirmed in a naturally infected pepper fant cultures oF. lactis
isolates F2004-C and F2006-SK-4 by LC-MS-MS, als@p Agilent 1100 liquid
chromatograph connected to a MicroMass Quattro d/itaple-quadrupole mass
spectrometer. Detection of MON was conducted & @hemistry Laboratory,
Alberta Research Council, Vegreville, Alberta; a#itn of BEA and FB was
conducted in the Mass Spectrometry Laboratory, Bept of Chemistry,

University of Alberta, Edmonton, Alberta.
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3.2.10. Chemicals and standards

All chemicals used in mycotoxin extraction and fioation were of HPLC
grade. Mycotoxin standards were purchased from &i¢h. Louis, MO, USA);
standards of MON, BEA and kBvere prepared in MeOH, ACN and ACN:water
(50:50, v/v), respectively. These solutions weogesd in a refrigerator at 4°C until

needed.

3.2.11 Statistical analysis

Analysis of variance for multiple comparisons (Dans multiple range test)
was used to compare the mycotoxin concentrationengst the different
treatments. All statistical analyses were condlaieing SAS 9.1.3 software

(SAS Institute Inc., Cary, NC, USA).

3.3. Results

3.3.1 Mycotoxin production in rice culture

All 21 fungal isolates tested produced BEA in razdture, at concentrations
ranging from 13.28 ppmH( lactis isolate from the Netherlands) up to 1674.60
ppm (. lactis isolate F2004-C from central Alberta) (Table 3-1Ywo isolates of
F. lactis (F2004-C and F2004-Z) and one isolaté-qiroliferatum (F2006-AB-5),
which originated in Alberta, produced more than@@Pm BEA. However, the
majority of isolates examined produced between @ and 1000 ppm BEA,
whilst the fourF. lactis isolates from Saskatchewan produced less tharpp60

BEA, as did the singl€. lactis isolate from the Netherlands, oRelactis isolate
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from southern Alberta (SUN SUISI-2) and two isotatef F. proliferatum
(F2007-ON-B1-1 and FGH-15) from Ontario and Alberta

Similarly, 15 Fusarium isolates (13F. lactis and 2 F. proliferatum) also
produced MON in rice culture, at concentrationgnag from 0.23 ppm to 181.85
ppm (Table 1). Amongst the producing isolates, lttveest MON concentrations
were observed foF. lactis F2004-C, which happened to be the same isolate tha
produced the highest concentration of BEA. Two dated of F. lactis from
Saskatchewan, F2006-SK-1 and F2006-SK4, produced highest MON
concentrations (181.85 ppm and 163.15 ppm, resadgti These latter isolates
were amongst the lowest producers of BEA (Tablg.3-1

Only four of 17F. lactis isolates tested produced detectable levels afiRB
rice culture, at concentrations ranging from bel@&0 ppm to a maximum of
0.28 ppm (for isolate F2004-C) (Table 3-1). In cast, all thred~ proliferatum
isolates and theF. verticillioides isolate produced this mycotoxin, at
concentrations that ranged from 6.50 ppin droliferatum F2007-ON-Al) to
314.00 ppmK. proliferatum FGH-15). In summary, six isolates (fdaractis and
two F. proliferatum) produced all three toxins, two isolates (dfhgroliferatum
and ong~. verticillioides) produced both BEA and kBnine isolates (alF. lactis)
produced both MON and BEA, and four isolates fallactis) produced only

BEA.
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3.3.2 Mycotoxin production in infected pepper fruis

All three mycotoxins (MON, BEA and FRB could be detected in inoculated
pepper fruit tissue, whether or not it was heaviliseased (Table 3-2).
Nonetheless, mycotoxin concentrations were geryehaher in heavily diseased
tissue that exhibited soft-rot symptoms and showsithle fungal growth. BEA
was detected at concentrations of 13.94 ppm aBI®m in heavily diseased
fruit tissues inoculated witlr. proliferatum isolate F2006-AB-5 andF. lactis
isolate F2004-C, respectively. It was also deteci@t 3.00 ppm in
symptomless/lightly diseased tissue inoculated wW2A04-C. MON was detected
more widely amongst the treatments, and was foundoncentrations ranging
from 0.03 ppm to 0.27 ppm in lightly and heavilgeksed tissues inoculated with
F. proliferatum F2006-AB-5 andF. verticillioides F2007-ON-B1-1, and at 0.07
ppm in heavily diseased tissue inoculated \thactis F2004-C. The presence
of FB; was detected in all treatments at concentratidn8.@l ppm FE. lactis
F2004-C in symptomless/lightly diseased tissueB.® ppm E. verticillioides
F2007-ON-B1-1 in heavily diseased tissue) (Tabl@).3- Interestingly, the
concentrations of FBobserved in fruit tissue after inoculation wikh lactis
F2004-C (0.61 ppm — 0.78 ppm) were higher thanehasserved for the same
isolate in rice culture (0.28 ppm) (compare Tal¥elsand 3-2).  In contrast, the
guantities of FB produced byr. proliferatum F2006-AB-5 and~. verticillioides
F2007-ON-B1-1 were much higher in rice culture (B81ppm and 40.80 ppm,
respectively) than in fruit tissue (1.53 ppm — 3@8n and 2.94 ppm — 8.04 ppm,

respectively). As expected, FBnd MON could not be detected in non-inoculated
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control tissue. However, a concentration of 0.@phMMON was observed in the
control, suggesting that the fruit was naturallpteoninated with this mycotoxin.
Mycotoxin contamination in naturally infected swepépper fruits and
selected cultures df lactis was confirmed by LC-MS (for BEA) or LC-MS-MS
(for MON and FB), with identification based on comparison with haartic
standards. BEA was detected by the presence obrarati m/z 784 (Fig. 3-1),
corresponding to the quasi-molecular ion [M +*H] The presence of
precursor/product ion pairat mz 722.4/334.1 and m/z 722.4/352.1 enabled
detection of FB (Fig. 3-2), whilst the presence of a precursodpot ion pair at

m/z 97.0/40.5 allowed detection of MON (Fig. 3-3).

3.4. Discussion

In recent years, internal fruit rot has emergedaasimportant disease of
greenhouse sweet pepper in western Canada (Yaag 2009). Unfortunately,
disease development can be costly to producers, e in some cases
experienced losses of about $20 CAB/RI. Mirza, personal communication).
The current study suggests, however, that beyoedgetreconomic concerns,
consumption of infected fruit could pose a threahtiman health. Analysis by
LC-MS and LC-MS-MS revealed the presence of BEA,; FBd MON in
naturally diseased sweet pepper fruits (Figs. 8 B-8); contamination levels
were as high as 19.43, 8.04 and 0.27 ppm, respégtifor each of these
mycotoxins, as determined by HPLC with externalbcation curves (Table 3-2).

Moreover, the possible health risk posed by inficssveet pepper fruit is
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exacerbated by the fact that symptomless and Viglidleased fruit tissue was also
found to contain detectable levels of MON, BEA &} (Table 3-2), suggesting

that excising obviously infected tissues before ftié is consumed may not be
sufficient to completely eliminate the mycotoxinsindeed, non-inoculated

control tissues from a commercially purchased fingtluded in the analysis

contained significant levels of MON (Table 3-2)jstliruit appeared healthy, but
was likely naturally contaminated with this mycatgxsuggesting some level of
fungal infection. Restani (2008) noted that, delyeg on the characteristics of
the particular substrate, mycotoxins may also définto healthy tissues.

The ability to produce BEA appears to be widespraabngst isolates dF.
lactis (Table 3-1), which is the principal cause of intgrfruit rot of greenhouse
sweet pepper (Yang et al. 2009). Similarly, mastlates of this fungus also
produced MON, although only four isolates produdetectable levels of RB
Nonetheless, this study represents the first reploRB; production byF. lactis,
since an isolate of this fungus collected from figas previously shown to
produce MON (Fotso et al. 2002) and BEA (Morettiaét 2007) but not FB
Whilst Moretti et al. (2007) did not specificallgst for the occurrence of B
Fotso et al. (2002) did and could not detect thysatoxin. This discrepancy may
be explained by the different origins of tRdactis isolates examined (i.e., sweet
pepper versus fig), by intraspecific variability @mgst the isolates, or by
differences in growth substrate or conditioimsvitro mycotoxin production in the
current study was evaluated on rice medium, whibstthe earlier report a

maize-based medium was used (Fotso et al. 2002).
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To determine whether differences in mycotoxin biakgsis result from true
biological differences between the isolates, tgxiaduction byF. lactis isolates
from fig and sweet pepper would have to be comparetér identical conditions.
It is interesting to note that kBroduction byF. lactis isolate F2004-C appeared
to be greatem vivo thanin vitro (compare Table 3-2 with Table 3-1), highlighting
the impact of growth substrate and conditions oratgxigenesis. Nevertheless,
Leslie et al. (1995) suggested that it may be pts$o distinguish species within
the G fujikuroi species complex by comparing their production efosidary
metabolites. In a similar manner, comparison of ebgxin production patterns on
a suite of media may also serve to distinguisheteffit strains or isolates within
the same species.

With respect to the mycotoxins examined in thisdgtUFB, represents the
greatest health concern, followed by MON and BEAegjardins 2006).
Although production of FBamongst isolates @i lactis was generally lower than
for the other mycotoxins, isolates Bf proliferatum andF. verticilloides (which
are also associated with internal fruit rot of siyeepper) produced significantly
higher quantities of this toxin (Table 3-1). Moveg additive effects have been
reported when MON and RBare found together (Ledoux et al. 2003). Since
MON, BEA and FB were all found to be produced individually or mnthbination
by isolates ofF. lactis (Tables 3-1 and 3-2), infection of fruit tissue this
pathogen does appear to pose a significant healy with the occasional
occurrence of. proliferatum andF. verticilloides serving to intensify this risk.

Collectively, these results suggest that developroéimternal fruit rot of sweet
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pepper represents an important food safety conegwh that every effort should

be made to cull infected fruit before it makeintarket.
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Table 3-1.Production of moniliformin (MON), beauvericin (BEAnd fumonisin
B: (FBy) by isolates ofFusarium lactis, F. proliferatum andF. verticillioides on

rice medium
Isolate Origin Concentration (ppm)*
MON BEA FB,

Fusarium lactis F2004-C Central Alberta 0.23 1674.60 0.28
F. lactis F2004-T Central Alberta ND 684.50¢ ND
F. lactis F2004-V Central Alberta 1.0 807.6G° ND
F. lactis F2004-Z Central Alberta 0.41 1072.98 ND
F. lactis P&D-1 Southern Alberta 2.89 675.80°¢ ND
F. lactis P&D-2 Southern Alberta ND 553.45" ND
F. lactis SUN SUISI-2 Southern Alberta ND 18.29 ND
F. lactis BROXBURN-1 Southern Alberta 9.0 623.00%" < 0.2G
F. lactis F2007-ON-A3 Ontario 38.80 469.95% ND
F. lactis F2007-ON-B2 Ontario ND 766.80° ND
F. lactis F2007-ON-B4-2 Ontario 0.70 484.40 ND
F. lactis Fsa-1 British Columbia 0.86 778.85% <0.20
F. lactis The Netherlands 2.93 13.28 ND
F. lactis F2006-SK-1 Saskatchewan 181Y.85 42.37 ND
F. lactis F2006-SK-2 Saskatchewan 980 15.59 ND
F. lactis F2006-SK-3 Saskatchewan 6:13 23.97 ND
F. lactis F2006-SK-4 Saskatchewan 16315 3587 <0.20
F. proliferatum FGH-15 Central Alberta 3.60 952.26°° 314.00
F. proliferatum F2006-AB-5 Central Alberta ND 1044.26 161.50
F. proliferatum F2007-ON-A1 Ontario 10.88 108.89  6.50'
F. verticillioides F2007-ON-B1-1 Ontario ND 18.66 40.80

*Mean concentration from two replicates; meansofetd by a common letter in
the same column are not significantly differe® € 0.05) as determined by

Duncan’s multiple range test.
ND: Not detected.
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Table 3-2.Production of moniliformin (MON), beauvericin (BEANd fumonisin
B1 (FB1) by isolates ofusarium lactis, F. proliferatum andF. verticillioides on
infected fruits of greenhouse sweet pepper

Isolate Fruit tissue Concentration (ppm)*

MON BEA FB,
F. lactis F2004-C Symptomless/lightly ND 3.00 0.67°
Heavily diseased 0.69 1943 0.7¢°
F. proliferatum Symptomless/lightly 0.14 ND 1.79°
Heavily diseased 0.68 1394 1.53°
F. verticillioides Symptomless/lightly 0.P£e ND 292
Heavily diseased 0.27 ND 8.04
Control Symptomless 0.18 ND ND

*Mean concentration from two replicates; meansofetd by a common letter in
the same column are not significantly differe® € 0.05) as determined by
Duncan’s multiple range test.

ND: Not detected.
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Fig. 3-1.Selected ion monitoring chromatograms for deteadidpeauvericin from
(A) a naturally infected sweet pepper fruit exhilgtsymptoms of internal fruit rot,
and @) a culture ofFusarium lactis isolate F2006-SK-2 grown on rice medium.
The infected fruit was collected from a greenhoumseentral Alberta, Canada.
The spectra were obtained by atmospheric preseuization (API)-electrospray
LC-MS, and chromatograms were recorded at m/z #84detection of the
mycotoxin. The retention time was 14.38 min.
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Fig. 3-2 Selected ion monitoring chromatograms for dedpectf fumonisin B1
from (A andB) a naturally infected sweet pepper fruit exhilgtisymptoms of
internal fruit rot, and@ andD) a culture ofFusarium lactisisolate F2004-C grown
on rice medium.  The infected fruit was collectezin a greenhouse in central
Alberta, Canada. The spectra were obtained by gth@sk pressure ionization
(APD-electrospray LC-MS-MS, and chromatograms wemrded at m/z 722.4 >
334.1 A andC) and m/z 722.4 > 352.B(andD) for detection of the mycotoxin.
The retention times were 7.11 and 7.13 min, respedgt
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Fig. 3-3. Selected ion monitoring chromatograms for detectd moniliformin
from (A) a naturally infected sweet pepper fruit exhilgtsymptoms of internal
fruit rot, and B) a culture ofFusarium lactis isolate F2004-C grown on rice
medium.  The infected fruit was collected fromraemhouse in central Alberta,
Canada. The spectra were obtained by atmospheessuyre ionization
(APD-electrospray LC-MS-MS, and chromatograms wex@rded at m/z 97.0 >
40.5. The retention time was 4.00 min.
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Chapter 4. General Discussion

Internal fruit rot, caused primarily by the fung&sisarium lactis, is an
emerging disease of greenhouse sweet pepper ird€#yiang et al. 2009). At the
onset of this M.Sc. project, we hypothesized thétation occurs via the flowers,
resulting in the development of diseased fruitsis Thypothesis was tested by
microscopic examination of the infection procesbdloreover, as a member of the
Giberella fujikuroi species comple. lactis was postulated to be mycotoxigenic,
and the production of fumonisin; BFB;), beauvericin (BEA) and moniliformin
(MON) was assessed both in culture and in infetieits. The work outlined in
this thesis, collectively, provides the first comlpensive analysis of the
development of internal fruit rot of sweet peppard of the risk of exposure to

mycotoxins that may be associated with the consiomjoff infected fruits.

4.1. Infection process

Hyphae offF. lactis were found to grow on the surface of the stignahaithin
the style of inoculated sweet pepper flowers. Ghhowas eventually also
observed within the ovaries (Chapter 2). Thesemigions, combined with the
apparent absence of any penetration structuresf direct penetration by the
fungus through the ovary wall from the outsidegisgly suggest that the infection
of sweet pepper fruits is initiated via infectiohtbe stigma and style at anthesis
(Chapter 2). This is consistent with the developima internal symptoms in

affected pepper fruits, as well as with the ocaweeof seedborne inoculum.
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Proper sanitation practices, such as rapidly disegr infected fruits from
greenhouses, combined with seed treatments, manefdhe be critical in
managing and preventing spread of this disease.

During the fertilization process, the pollen tulie@$ow the transmitting tissue
of the sweet pepper style (Hu and Xu 1985). Thisue, which consists of
parenchyma cells with large intercellular spacesy provide nutrients to sustain
growth of the pollen tubes (Hu and Xu 1985). ltthe availability of these
nutrients and the presence of large intercellysacss that most likely makes this
tissue amenable for growth of a weak pathogen sisdh lactis. Indeed, it is
tempting to speculate that the fungus follows th@lep tubes down the
transmitting tissue and into the ovaries. Howewadthough hyphae oF. lactis
were observed within the style and may have evenriboted to accelerated
senescence of the transmitting tissue in inoculdteders (Chapter 2), no
evidence was found of fungal growth along the potl#bes. Moreover, no strong
interactions were observed between germinatingepoljrains andr. lactis
conidia on axenic culture. Therefore, based osdahesults, we may conclude
that infection occurs through the stigma and stiglg, not necessarily along the

pollen tubes.

4.2. Mycotoxin production

A F lactis isolate (BBA 58590) collected from fig was prewty found to
produce MON (Fotso et al. 2002) and BEA (Morettakt2007) in corn and rice

culture, respectively. In the current studies withlactis and closely related
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species isolated from greenhouse sweet pepperugtiod of both of these
mycotoxins was also detected (Chapter 3).  Fumbeg, fungal isolates from
sweet pepper also produced the mycotoxin, FBich was not detected by Fotso
et al. (2002) irF. lactis isolated from fig (Moretti et al. [2007] did nadt for the
occurrence of FB.

As discussed by Leslie et al. (1995), differencethe secondary metabolites
produced by fungal isolates may help to distingsisécies within th& fujikuroi
species complex, in combination with morpholog&taidies;n vitro fertility tests
and DNA analysis. Thus, the detection of;FBay serve to differentiate sweet
pepper-derivedr. lactis strains from fig-derived strains, if the lattee aonfirmed
to be non-producers of FBThe types and amounts of mycotoxins produced,
however, are affected by many factors beyond spewiestrain, including the
specific growth substrate and environmental cood#i  Thus, clear criteria
(such as growth on the same substrate under idéntanditions) would be
needed to enable unbiased comparisons of mycofeaduction by different
fungal isolates.

Nevertheless, the detection of MON, BEA and; kBcultures ofF. lactis and
in fruit tissue infected by this fungus suggestd thternal fruit rot of greenhouse
sweet pepper may represent an important food sefetyern. The typical absence
of external symptoms in this disease means thatiedl fruit are likely to make it
to market, where they may be purchased and consumddreover, sweet
pepper is often used as a fresh vegetable ingrediimout cooking or additional

processing, steps that could be helpful in degadimy mycotoxins present in the
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fruit.  Even if the sweet peppers are heated po@onsumption, FBand MON
have been shown to be heat-stable (Arranz et @4;2@Pineda-Valdes and
Bullerman 2000), and could therefore still represehealth risk.

The safest option to reduce the risk of mycotoxuposure is to avoid
consumption of infected fruits, when and if theg &ncountered, since Restani
(2008) noted that mycotoxins can diffuse from imdéelcinto healthy tissues. The
extent of this diffusion depends on the charadies®f the particular type of fruit
being considered. Mycotoxin diffusion is facilgdt by high water content and
hindered by the presence of structure-forming padgharides. Fortunately,
sweet pepper has a consistency similar to thapplieaissue, which was found to
reduce diffusion of mycotoxins such as patulin (Beis 2008). Nonetheless,
Restani (2008) suggested discarding tissue witi2ncan radius of moldy areas,
even in substrates that are not particularly favierao mycotoxin diffusion.
Since the discarding of infected fruits by growarsl consumers is obviously an
unfavorable option, every effort should be madeitaut the development of

internal fruit rot in the greenhouse.

4.3. Future studies

Perhaps the major gap that remains in our undetistgquof the epidemiology
of internal fruit rot of greenhouse sweet peppdates to its mode of spread
between greenhouses. While it is clear that irdacof the seeds, especially
symptomless infection, may represent an importaréchranism for the

introduction ofF. lactis into “clean” greenhouses, it is not clear how itifected
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seeds initiate the infection cycle. Spread wittie greenhouse is associated with
pathogen growth in the floral tissues, presumalfgr aleposition of conidia by
pollinators or via air currents (Chapter 2). Hoeevseedborne transmission
between greenhouses implies that the germinatiedlisgs would be infected,
with the fungus eventually sporulating to produee first round of inoculum. It
is difficult to envision a weak pathogen suchFagdactis growing systemically
through infected seedlings, although Utkhede andhivta(2004) observed that
3% of seedlings which germinated from commercigllychased seeds were
covered with a mycelium similar to that Bf subglutinans. No information on
seedborne infection is available specifically férlactis. Additional work is
therefore required to determine other stages irsweet pepper lifecycle in which
the host is susceptible to infection, and to urtdes howF. lactis first spreads
from the infected seeds to cause the typical ialdrait rot symptoms.

Another issue that may merit further study is esdato the interaction
betweenF. lactis and the germinating pollen grains; on axenic caltmo direct
interactions were observed between fungal hyphdettzan pollen tubes (Chapter
2). However, this may have been an artefact ofrihétro system employed, and
additional studies focussed on timeplanta situation may vyield different results.
Such information could help conclusively determivbether or notF. lactis
follows the path of the pollen tubes down the style

In terms of mycotoxin production, the present stadgessed production of
FBi, BEA and MON byF. lactis and closely related fungi isolated from

greenhouse sweet pepper, but no attempt was matkteot other mycotoxins or
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secondary metabolites (such as fusaproliferin asdrfc acid). A complete profile
of all mycotoxins produced would be useful not ofdyfully assessing the health
risks posed by infected pepper fruits, but alsopmssible use as a tool in strain
differentiation or other taxonomic applications (Mtii et al. 2007). In this
context, it may also be important to re-examineisisee of FB production byF.
lactis from figs, since this was examined on corn-basediom rather than the
rice medium used in the current study. Such woik telp to increase

understanding of internal fruit rot of sweet pepged its main cause€, lactis.
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