Isolation, characterization andgenome sequencingfa soilborne

Citrobacterfreundii strain capable of detoxifyingtrichothecenemycotoxins

by

Rafiqul Islam

A Thesis
Presentedto

The University of Guelph

In Partial Fulfilment of R equirements
for the Degree of
Doctor of Philosophy
in

Plant Agriculture

Guelph, Ontario, Canada

© Rafiqul Islam, April , 2012



ABSTRACT

ISOLATION , CHARACTERIZATION AND GENOME SEQUENCING OF A SOIL-
BORNE CITROBACTER FREUNDII STRAIN CAPABLE OF DETOXIFI YING

TRICHOTHECENE MYCOTOXINS

Rafiqul Islam Advisors:
University of Guelph, 2012 Dr. K. Peter Pauls
Dr. Ting Zhou

Cereals are frequently contaminated witticthothecene mycotoxins, like
deoxynivalenol (DON, vomitoxin), which atexic to humans, animaland plants. The goals
of the research were to discover and characterize microbes capable of detoxifying DON under
aerobic conditions and moderate temperatufesidentify microbes capable of detoxifying
DON, five soil samples collecteflom Southern Ontao crop fields were testedr the ability
to convert DON to a depoxidized derivativeOnesoil sampleshowed DON depoxidation
activity under aerobic conditions at-22°C. To isolate themicrobesresponsible for DON
detoxification (de-epoxidation acivity, the mixed culture wagrownwith antibioticsat 50°C
for 1.5 handhigh concentrations of DON'he treatments resulted in the isolation of a pure
DON deepoxidating bacterial strain,ADS47, and phenotypic and molecular analyses
identified the bacteriumasCitrobacter freundii The bacterium waalsoable to deepoxidize

and/or deacetylatel0 otherfood-contaminating trichothecene mycotoxins.



A fosmid genomic DNA librarpf strain ADS4Avas prepared ii&. coliand screened
for DON detoxification activity. Howver, no library clone was found with DON
detoxification activity. The whole genome of ADS47 was also sequenced, and from
comparative genome analgsel0 genes (characterized as rethges, oxidoreductases and
deacetylase) were identified as potential cdaigs for DON/trichothecene detoxifying
enzymes. Bioinformatic analyses showed that the major animal pathogkdas of
enterocyte effacement (LEE) operon geabsent from the ADS47 genontgtrain ADS47
has thepotential to be used for feed detoxificain and the development of mycotoxin

resistance cereal cultivars.
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CHAPTER 1

1.0.GENERAL INTRODUCTION AND LITERATURE REVIE W

1.1. Background

According to the Food and Agriculture Organization (FAO) of the United Nations,
mor e than 25 %foad fcropsaheecontarimated viite mycotoxins every year,
causing serious adverse effects on livestock industry, crop production and international trade
(Boutrif and Canet 199&)esjardins 2006, Binder et al. 2007, Surai et al. 2010). The negative
effects of mycotoxin®n the consumers are diverse, including organ toxicity, mutagenicity,
carcinogenicity, neurotoxicity, teratogenicity, modulation of the immune system, reproductive
system effects, and growth retardation. Mycotoxins are toxic secondary metabolites produced
by various fungal species during crop colonization in field and/or post harvest conditions
(FAO 1991, Barrett 2000Aspergillus, Penicillumand Fusariumare the predominant fungal
genera that accumulate economically important mycotosunsh asaflatoxins, zearalenone,
trichothecenes, fumonisins, ochratoxins and ergot alkaloids in agricultural commodities.
Humars and anima are principally exposed to mycotoxins through consumption of
contaminated food/feed and animal produstg;h asmilk, meat and egg (FinkGremmels
1989, Hollinger and Ekperigin 1999).

Trichothecenes (TCs) produced by a variety of toxigdhisarium species are
probably the most food and feed contaminating mycotoxins in the temperate regions of
America, Europe and Asia (Creppy 2003zar and Omurtag 2008). The fungal pathogen

accumulates various typk (e.g., T-2 toxin, HT-2 toxin) and typeB trichothecenese(g.,
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deoxynivalenol, nivalenol and their derivatives) in cereals. Among them-Bype
trichotheenes, particularly deoxynivalehdDON) and/or its derivatives appear to be the
most commonly found mycotoxins in grain and grain products worldwide, impairing human
health and productivity of farm animals (Placinta et al. 1999, Sherif et &).20Gumber of
human and animal diseasatloreaks associated with TC contaminated grain food and feed
consumption have been reported in Asia (Japan, India and central Asia), Europe, New
Zealand and United States of America (USA) (Peatiéh Smolinsk005, Desjardins 2006).
A severe outbreak dklimentary Toxic Aleukia (ATA) mycotoxicas killed 100000 people
in the Orenburg region of Russia (Eriksen 2008).1996, lossesf over $100 million were
estimated in Ontario because of costs related to managing DON (Schaafsma 2002).
Historically, T-2 toxin, DON and nivalenol (NIV) have likely been used as a biological
warfare in Laos, Kampuchea and Afghanistan, and there is concern because of the potential
use of these compounds for bioterrorism (Wannemacher et al. 2000, Tucker 2001).
Despitethe extensive effortghat have been mad® prevent TC contamination, with
the currentvarieties and productiopractices, its presence in agricultural commoditges
likely unavoidable.There are no crop cultivarscurrently available that are completely
resistat to Fusarium head blightGibberella ear rot FHB/GER diseases. Chemical or
physical methods cannot safely remove TC mycotoxins from grain completéhgyare not
economically viable (Varga and Toth 2005). Therefore, an alternative sttateglgres the

issueis of greatimportancg Awad et al. 2010, Karlovsky 2011).



1.2.Plant pathogenesis and trichothecene production

Cereals infested by the ascomyceteous fumgy causeGibberella ear rot (GER) in
maize Zea mayd..) and Fusariumheadblight (FHB; alsok nown as &éscabd) of
cereals[wheat(Triticum aestivuniL.), barley(Hordeum vulgarel.)] and other small grain
cereals (Goswami and Kistler 2004). As many as 17 fungal species have been reported to be
associated with FHB/GER, whichalude F. graminearumSchwabe[telemorph:Gibberella
zeae(Schwein) Petcl}, F. cuimorum (W.G. Smith) Sacc.F. sporotrichioidesScherb.,F.
poae(Peck) Wollenw.Microdochium nivalgFr.) Samuels & I.C. Hallett andl. avenaceum
(Fr.) Sacc. (Osborne and Bte2007, Audenaert et al. 2009). The two speciEs,
graminearumandF. culmorum are the principaspecies causingrop damage. Among them,

F. graminearums thewidely adapted and most damaging species across the world including
North America (Dyer et aR006).F. culmorumtend to be the main species in the cooler parts
of North, Central and Western Europe (Wagacha and Muthomi 2007).

The fungi overwinter mainly on crop residues as saprom)ydere they produce
asexual (microand macreconidia) and/oisexual (ascospores) fruiting structures, which act
asthe initial source ofinoculumsin the subsequent crop season (Suttd8219vagacha and
Muthomi 2007).Ascospores arerimarily dispersed by air (Trail et al. 2B0and conidia
move by rairsplash (Pauet al. 2004) After theyland on maize silks and florets of small
grain cerealsnfection occurs through natural openingsg(, stomata) or occasionally by
direct penetrationThe pathogens can invadmeaize kernels through wounds causedthe
husks by insects or birds. Infection may occur throughout the crop growing sebsbn,
disease incidence and severity is facilitated by warm temperatures (>20°C), high humidity

(>80%) and frequent precipitation that coincides with antheé3gbg@rneand Stein 2007



Wagacha and Muthomi 2007yhe Fusarium pathogen initiallyinfects as biotroph which
becomes necrotroph ashe disease progreses After penetrationFusaria produce different
extracellular cell wall degrading enzymes that trigger infection and hyptogression
towards the developing ear/kernel where further colonizatieccurs and develoment of
FHB/GER diseases (Voigt et al. 2005, Miller et al. 2007, Kikot et al9R®HB disease is
characterized by a bleached appearance around the middle bédbe Severely infected
grains have apinkish discoloration andan beshriveled. In maize, the disease produaes
reddish brown discoloration othe kernelsand progresses from the tip tthe bottom of
affected ears.

The ung associated with FHB and GEf®ntaminate cereals by accumulating various
hostnonspecific TC mycotoxins (Brennen et al. 2007). TCs have typically been associated
with cereals grown irtemperate climatic conditionsicluding Canada (Doohan et al. 2003).
DON production byF. gramineaumandF. culmorumis maximal at warmtemperature$22-
28eC) , hi gh gr a@Elr%)ramcdihsntiduconditiorts @>70%eRH} (Martins and
Martins 2002, Hope et al. 200blorens et al. 2006). Grain can be contaminated with TCs in
the field as well asni storage, ittonditions forfungal growthare optimal and grain contains
high moisture (>17%) (Larsen et al. 2004, Birzele et al2R00

Populatios of FHB/GER causing pathogearedynamic Genetic variability between
and within Fusariumspecies appeat® haveoccurredto allow for their adaptation to new
agroclimates (Desjardins 2006, Fernando et al. 2011). Three strain spEag&rium
chemotypes, NIV, ADON (3-acetyldeoxynivalenol) and IADON (15 acetyt
deoxynivalenol) have beeidentified which correlate with the geographical distributions

(Stakey et al. 2007, Zhang et al. 2007, Audenaert et al. 200@)NIV chemotype, mainly



produced byF. culmorum accumulates NIV and-MIV (Fusarinon X), is predominant in
Asia, Africa and Europe (Lee at. 2001).The 3-ADON chemotypewhich synthesize DON

and 3ADON, is the dominant strain in Europe/Far East (Larsen et al. 2004). In North
America, 15ADON is the main chemotype which prodsd@ON and 15ADON (Goswami
and Kistler 2004). Significarffusarium population shiftingwvasobserved in the past ama
recent years (Kant et al. 2011). A dynamic change fforaulmorumto F. gramninearum
and DON to NIV producing chemotyes occurred\iarth West European countrie$he 3-
ADON chemotype, which is uncanmon in North Americayvasfoundin North Dakota and
Minnesota (Goswami and Kistler 2004). pseudograminearumvhich historically occurs in
Australia, Africa and North West Paciffamerica,has been found in Western Canada (Larsen
et al. 2004, Kant et ak011). In Manitoba, a replacement of-ABDON chemotype by the
more phytoxic3-ADON type was observed in recent year§grnandoet al. 2011). All
together,the FHB/GER associated pathogen complex is highly dynamic, which not only

reduce crop yield, but ado decreasggrain quality by accumulating various mycotoxins.



1.3. Biosynthesis of food contaminatingC

TCs are fungal secondanyetabolites that wermitially identified in Trichotheceium
roseum Thus, thename of tis class of compounds folws the name of the genus,
Trichotheceiun{Freeman and Morrison 1949). There have been 180deDsfied invarious
fungal species belonging to the genErwssarium Myrothecium,StachybotrysTrichoderma
and Thrichothecium(Eriksen 2003, Eriksert al. 2004). The FHB/GER associated Tare
mainly synthesized by differetusaria, and arechaacterizedas tricyclic sesquiterpenosl

with a double bond at position €9 and a C1-A3 epoxide ring



Figure 1-1. Structure of trichothecene mycotoxinproduced byFusaria (a) General
structure of trichotecenes. R1 = H, OH, OiValeryl, keto; R2 = H, OH; R3= OH, OAc; R4 =
H, OH, OAc; R5= OH, OAc. (b) TypA trichothecene mycotoxin. (c) Tyg trichothecene

mycotoxin, which contain a carbonyl functionabgp at C8 positiolYoung et al. 2007)



The fungal metabolites are small in size (molecular weightS3), heat stable and
nonvolatile molecules (Pestka 2007, Yazar &murtag2008). Fooccontaminating TCs are
divided into two groups, typA andtypeB (Figurel-1b and 1c). Type\ is characterized by
the lack of a ketone function at C8 positioand include T2 toxin, HT-2 toxin,
diacetoxyscirpenol(DAS) and neosolaniol (NEO), which are mainly produced Fy
sporotrichioidesand F. poae(Creppy 202, Quarta et al. 2006). The most frequently found
TC belongs to typ®, which contains carbonyl functisrat C8 positios, DON, NIV and
their acetylated derivatives. The two types are further differentiated by the presence or
absence of functional hydroix{+OH) and acetyl (CECO-) groups at €3, G4, G7, G8, and
C-15 positions (Tablé-1).

The syntheses of various TCs are species/strain specific and are genetically controlled,
but influenced by environmental conditions (Desjardins 2006, PatersonraadDil0). Until
now, 15 Fusaria catalytic genes and regulators involved in TC productions have been
identified (Merhej et al. 2011). These biosynthetic genes are located at three loci on different
chromosomes. The core trichothecene (TRI) gene clustemgresed of 12 genes localized
in a 25kb genomic region (Kimura et al. 2001). The remaining three genes are encoded by
the TRIETRI16 and TRI101 loci (Gale et al. 2005, Alexander et al. 208®3aria produce
TC following a number of oxygenation, isometion, acetylation, hydroxylation and
esterification reaction steps (Desjardins 2006, Desjardins and Proctor 2007, Kimura et al.
2007, Merhej et al. 2011)In brief, farnesyl pyrophosphate is initially cyclized into
trichodiene by TRI5, which codes for dhiodiene synthase. In the next four steps,
isotrichotriol is produced by TRI4 (a multifunctional cytochrome P450) veah@droxylation

and 12,13poxidation followed by two hydroxylation reactions.



Table 1-1. Fusariaproduced typeA and typeB trichothe&eene mycotoxins. Molecular weight
(MW) and acetyl {R), hydroxyl ¢€OH) and ketone (=O) functions at different carbon (C)
position of the tricyclic rings. Aypes: F2 toxin, HT-2 toxin, DAS (diacetoxyscirpenol),
NEO (neosolaniol), VER (verrucarol).-t3pe: DON (deoxynivalenol), 3ADON (3-acety}
deoxynivalenol), 15ADON (15-acetytdeoxynivalenol), NIV (nivalenol) and FusX

(fusarenon X)Young et al2007).

Trichothecenes MW  R,/C; R./C, RJC; R3/Cys Rs/Cs
T-2toxin 466 OH OCOCH, H OCOCH, OCOCHCH(CHz),
HT-2 toxin 424 OH OH H OCOCH, OCOCHCH(CHg),
TypeA DAS 366 OH OCOCH, H OCOCH;, H
NEO 382 OH OCOCH OH OCOCH H
VER 266 H OH H OH H
DON 296 OH H OH OH =0
3-ADON 338 OCOCH H OH OH =0
TypeB 15ADON 338 OH H OH OCOCH =0
NIV 312 OH OH OH OH =0
FusX 354 OH OCOCH OH OH =0




The next twononenzymatic reactions resudt in isotrichodemol. Eventuallythe
trichothecene skeleton poducedvia the formation ofa C-O bond betweethe C-2 oxygen
and G11. Subsequent acetylation at3Cby TR101, hydroxylation at €5 by TRI1 and
catalytic activity of TRI3 leads to calonectrin production. The pathdescribed aboves
common for both typ@ (e.g.,T-2 toxin, HT-2 toxin) and typeB (e.g.,DON, NIV and their
acetylated derivatives) TCs.

The fPllowing steps are species/strain specific. In DON produ€ingraminearum
strains, calonectrin is converted to eithekBON or 15ADON followed by DON production
by the catabolic activities of TRI1 and TRI8. The biosynthesis-AD®N or 15ADON is
contolled by variationin the esterase coding sequences of TH8graminearumproduces
NIV from calonectrin via synthesis of-MIV, followed by NIV by TRI1 and TRI8 gene
actions. NIV can be produced either from DON by hydroxylation a4, @r via
transformé&on of calonectrin to 3,E8iacetoxyscirpenol (3,1BAS), followed by addition of
a ketone at € position by the activity othe TRI7 and TRI13 genes. 3,ABAS is the
principal substrate for synthesis of typeTCs by F. sporotrichioides the main typeA
producer. The biosynthetic pathway eRToxin involves G4 acetylation of 3,1DAS by the
TRI7 gene producand TRI8 triggered by TRI1. 3,ABAS is also the substrate for HT
toxin synthesis. In the absence of TRI7 expression;2Hibxin is produced tiough

hydroxylation of 3,18DAS and isovalerate addition te&position (Foroud and Eudes 2009).
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1.4. Occurrence ofTC mycotoxins in foodand feed

TC producingFusaria are adapted to variable climatic conditions and agricultural
ecosystemsAs a consejuence, this class of mycotoxins, particularly DQA$ frequently
detected in foosland feed including breakfast cereals, bakery products, snack foods, beer
and animal feed derived from cereals in most part of the wBitte{ 2001 Desjardins 2006,
Lanaova et al. 2008). A twgear survey durin@0032005, conducted by Romemh Inc.
revealed unacceptable lesedf DON in animal feeds/feed raw matesigsuch as maize,
wheat, wheat brarnh Asia and Ocania (10.62ug/g), central Europe (8.0@g/g), Mid-West
USA (5.5 ugg), northern Europe (5.51 pm/andsouthern Europe (3.03 @/ (Binder et al.
2007)(Table 12).

Quite high levels of DON contaminati¢f9 pg/g) were detected in north Asian and
Chinese feed/feed materials. Recently, fyear onfarm studies in Switzerland showed that
74% of the wheat grain and straw samples were contaminated with high levels of DON
(average 5 pg). The amount is higher than the European maximum limit of 1.2§ pg/
(Vogelgsang et al. 2011).

The occurrences of TCs in Cali@n agricultural commodities are indicated in Table
1-3. Seventeen surveynductedduring the 1980s and 1990s showed up to 100% DON
incidence in Ontario wheat and maize samples with an 18% average incidence (Scof 1997).
threeyear surveyecently (206-08) conducted by the Ontario Ministry of Agriculture and
Rural Affairs (OMAFRA) detectedhigh levels of DON in spring (maximum 3&3/g) and
winter wheat (maximum 2fg/g) samples (Ana Matu, personal communication). The DON
levels were much higher thareHa | t h Canadads majoi umleamed softmi t

wheat for staple foods (Table4).
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Table 1-2. Worldwide occurrence of DON in animal feed. Feed and feed raw material
samples were collected from animal farms/feed production sites during2R063 The

survey was conducted by Romafis Inc. (http://www.romerlabs.com).

Country/ Sample Incidence Maximum Mean DON Survey  Source

region type (%) DON content content period
(Hg/9) (Mg/9)
North 0.71 18.99 0.92
Asia/China
South Easl 0.14 1.52 0.16
Asia
South Asia 0.70 10.62 049 Binder et
Oceania Animal 200305 al. 2007
Australia feed 0.41 1.86 0.30
Northern 0.70 5.51 0.59
Europe
Central 0.66 8.02 0.57
Europe
Southern 0.52 3.03 0.30
Europe

12



Table 1-3. Occurrence of DON in Canadian grains, grain foous lzeers. Infant cereal foods:

oat, barley, soy and mulgrain based foods.

Province Sample Incidence Maximum Multiple Survey Sources
type (%) DON mycotoxins  period
contents samples (%)
(Lg/g)
Ontario  Spring 70 26.0 Yes 200608 OMAFRA®
Wheat
Ontario  Winter 49 29.0 Yes 200608 OMAFRA
wheat
Ontario  Maize 78 14.0 Yes 200910 Limay-Rios
and
Schaafsma
2010
Ontario  Maize - 100.0 Yes 2011 A&L
Biologicals
Canada Breakfast 46 0.94 43.0 199301 Roscoe et al
cereals 2008
Canada Animal 73 42.5 Yes 199010 Zeibdawi et
feeds al. 2011
Canada Beers 58 0.0% 5.0 1990s  Scott 1997
Canada Infant 63 0.98 Yes 199799 Lombaert et
Cereab al. 2003

! Ontario Ministry of Agriculture and Rural Affairs

Z ng/mL

13



Table 1-4. Legislative maximum tolerated levels of trichetene mycotoxirs in Canada
according to Canadian Food Inspection Fact Sheet, April 23, 2009- B&dxynivalenol,

DAS- diacetoxyscirpenol.

Products DON T-2 toxin HT -2 toxin DAS
(ng/g) (Vs]fs) (Vs]fe)) (Mg/g)
Uncleaned soft wheat for human 2 - - -

consumption
Cattle/poultry diets 5 <1 0.1 <1
Swine/dairy cattle feeds 1 <1 0.025 <2
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High DON incidence (78%)was observedin maize samples collected from
southwestern Ontariodids with moderate leV®(<1 pghy) of contamination during 2009 and
2010 (LimayRios and Schaafsma 201@ome samples haigh DON levels (14 pgg). In
the 2011 crop seasaonextremely high level of DON (>100 pgg) were found in some
southern Ontarionaize samples (A&L Biologicalsl.ondon, ON Pasonal communication).

In a Canadian Food Inspection Agency (CFIA) 20 year survey (P24M) 73% of
animal feedsamplescollected from feed mills, farms and retail stores across Canada were
contaminated with DONand formore than25% of the samples the mycotoxin levels were
abovet he maxi mum g) (Zeibdatvi et(ad2011)TH@ dnighestevel of DON (5
Hg/g) detected in the 2008007 samplewere mucHower than thdevels found in thd 999
2000 samplg, which containeda maximum of 42.5 pgg DON. Importantly, this study
reported a significant number of samples contaminated with multiple mycotoxins, DON, NIV,
3-ADON, 15ADON, T-2 toxin, HT-2 toxin, DAS and NEO.

Earlier studies irthe 1990s detected high lewsdf DON content in Eastern Canadian
cereals, maize (m&wum 17.5 pg/g), wheat (masnmum 9.16 pgg), barley (maxmum 9.11
Hg/g) and oats (marmum 1.2 ugh) (Campbellet al.2002). The study identified significant
number of samples (136.7%) that contained multiple mycotoxins and up to 33%othe
wheat samples exceedédiglg DON. Low amours but high incidences of TGserefound
in cerealbased foods collected from Canadian fetddres. Sixty three percent of infant
cereal foods, 46%f breakfast cereals and 5886 beers were contaminated with one or
multiple mycotoxns (Scott 199, Lombaert et al. 2003, Roscoe et al. 2008). The maximum

amount of DONwas found in infant foods (0.98 g followed by breakfast cereals (0.94

Mg/g) and beers (0.05 ugl).
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1.5. Significance of deoxynivalenol and tricbthecenes

For nost cereals, including wheat, maize, rice, barley, oats and rye the risk of
contamination with TCs resulted in grain quality reduction BH8/GER disease progression
(Bai et al. 2002, Jansen et al. 200%he impacs of TC contamination in agricultural
commoditiesare diverse, includingreducedlivestock productionjnducedhuman illnesss
and enhared FHB disease severity, which may resulthereduction of crop yield. Exposure
of farm animals (particularly pigs) to DON is a continuing threat to trestiock industries in
Canada, USA and Europe ( D6 Me lconmaminated femds . 19¢
generally causereduction of feed intake, feed refusal, poor feed conversion, retardation of
weight gain, increaskdisease susceptibility amdducedeproductive capacities (Binder et al.
2007). High doses of DON result in acute toxic effects in (@gs,emesi3, while low doses
(01 Og/ mL) C a u s(eeg., growth getardation enf pige(Rottes et al. 1996,
Accensi et al. 2006). Reduction of growth and reproduction abiias observed in
experimental ratexposurd to much higher doses of TC (Sprandakt2005, Collins et al.
2006). Several animal disease outbrethat occurred in different continentsave been
attributed toconsunption of feed contaminated with DQMIV andDAS (Desjardins 2006).

The consequences of human exposure toifclade:liver damage, gastric/intestinal
lesions and central nervous system toxicity, re@sgih anorexia, nausea, hypotension/shock,
vomiting, diarrhea and death (Pestka 2007). Humgootoxicosis(illnesses and outbreaks)
by consumption of typ@ and typeB TC mycotoxinsin Europe, New Zealand, Russia,
Japan, South America, India and Vietham have been rep@bted ét al. 1989Yoshizawa
1998, Luo 1994, Desjardins 2006). Severe outbreaks of Alimentary Toxic Aleukia (ATA)

associated with TC killed thousands obpke inthe Orenburg region of Russia duririige
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193006s and 194006s -2(ENiandNB/ werdlikel§ Gsgdfor biblGgscal ( T
warfarein Laos, Kampuchea and Afghanistan and its potential application for bioterrorism is
anadditioral concern assciated with TC (Tucker 2001, Bennett and Klich 2003).

TCs arephytotoxic and may contribute to FHB disease severity in cereals (Proctor et
al. 1995, Maier et al. 2006, Masuda et al. 2007). Studies demonstrated that DON caused
wilting, chlorosis, inhibiton of seedling growth and necrosis in cereals (Cossette and Miller
1995, Mitterbauer et al. 2004, Rocha et al. 2005). Badiated host cell damage and
subsequent necrotrophic fungal sprelags been shown téead to FHB/GER disease
development and higheeknel damage (Procter et al. 1995, Mitterbauer et al. 200ker Mt
al. 2005). Thissuggestghat DON contributes to yield losses as welt@seductions in the
market value of cereals (Osborne and Stein 2007). Severely infected grain may contain more
than 60 pgg DON, which is unacceptable to the milling and brewing industries (Okubara et
al. 2002). Significant crop lossdsie toFHB disease epideng@and mycotoxin contamination
have been reported in Ontario (Schaafsma 2002). FHB disease epidemic4 €88rng 2000
caused huge crop losses, rasgltin farm failuresin the northern Great Plains in the USA
(Windels 2000). In that period, FHB associated losses were estiatdtkl $ 2.7 billion in
the region Nganje et al. 2002

Importantly, Fusaria infested grains are often -contaminated with multiple
mycotoxins, which further increase health sisls interactions between the mycotoxins may
cause greater toxic effects than expected (Schollenberger et al. 2006)mplies that an
apparently low leeof contamination of a single mycotoxin can have severe effects on
consumerdecause of synergistic effects among multiplecouring mycotoxingSurai et al.

2010).
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A number of studies demonstrated synergistic toxic effects anfamgarium
mycotoxins onpigs, turkeys, lamb, chicks, as well asimvitro Cace2 cell and yeast

bioassays (Tabl&-5).

Table 1-5. In vitro andin vivo synergistic effects of different food contaminating mycotoxins.
DON-deoxynivalenol, DASliacetoxyscirpenol, FBiumonisins 1, NIV-nivalenol, ZEN

zearelenone. FAusaric acid, Aflaflatoxin.

Mycotoxins source Interacting Experimental Effects Reference
mycotoxins animal/cells

Naturally contaminated DON / FA Pigs Inhibit growth Smith et al.

cereals 1997

DON contaminated DON/FB1 Pigs Weight loss Harvey et al.

wheat ad FB1 1996

Culture materia T-2/FB1 Turkey poults Weight loss/ oral  Kubena et al.

contained mycotoxins lesion 1997

Inoculated rice and DAS / Afl Lamb Weight reduction  Harvey et al.

pure mycotoxin 1995

Naturdly DON DON/T-2 Chicks Reduced body Kubena et al.

contaminated wheat weight significantly 1989

and pure T2 toxin

Pure mycotoxins DAS / Afl Chicks Reduced body Kubena et al.
weight 1993

Pure mycotoxins T-2 /ATl Chicks Reduced weight/  Kubena et al.
oral lesion 1990

Pure mycotoxins DON/ Human intestinal Increased DNA Kouadio et al.

ZEN/FB1 Caco?2 cells fragmentations 2007
Pure mycotoxins DON / NIV Yeast bioassay  Synergistic effects Madhyastha et
al. 1994
Pure mycotoxins T-2 [HT-2 Yeast bioassay  Synepistic effects Madhyastha et
al. 1994
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1.6. Toxic effects of deoxynivalnol and trichothecenes

As small moleculesTCs simply enter into cells and interact with different cell
components, resitig in disruption of cellular functions and causing variousd@ffects that
include inhibition of protein synthesis and ribosomal fragmentation (Eudes et al. 2000,
Minervini et al. 2004, Pestka 2007). Simple absorption of DON into human intestinaPCaco
cells and crossing humaplacenta barriers through passivdfudiion has been reported
(Sergent et al. 200&lielsenet al. 2011).

TC may causevarious toxicities in animat and plans including apoptosis,
immunotoxicity, chromatin condensation, disruption of cellular/mitochondrion membranes,
disruption of gut tisues, inhibition of protein and ribosome synthesis, breakage of ribosome
and cell damage. The toxicity of TS influenced by structural variabilityi.e. position,
number and type of functional groups attached to the tricyclic nucleus-@ndo@ble bondt
C9-10 position (Desjardins 2006). Nevertheless, epoxide functioth@aC12-13 position is
the key for TC cytotoxicity (Swanson et al. 1988, Eriksen et al. 2004).

Differentin vitro andin vivo studies revealed th#te method and period of exposure,
amount of TC and types of cell/tissue and host speciee $ia gni f i cant ef fec
cytotoxicity (Scientific Committee for Foo2002, Rocha et al. 2005, Nielsen et al. 2009).
Administration of 10 mg/kg cdy weight (bw)NIV caused apoptosis in mice thyns , Peyer 0s
patch and spleen tissues (Poapolathep et al. 2002). DON and NIV at 8.87 mg/kg bw for 3 days
a week forfour weeks induced immunotoxicity in experimental mice, determined by
estimating increased immunoglobulins (IgA) and decreased IgM levelsz€Gat al. 2007).
Exposure of mice to 1 mg/kg bw of DON induced skeletal malformations and reduced mating

tendency, while significant resorption of embryos observed at the dose of >10 mg/kg bw
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(Khera et al. 1982). At high acute doses (49/7.2 mg/kg bw), DION and typeA
trichothecenescaused mice death because of intestinal haemorrhage, necrosis of bone
marrow/lymphoid tissues and kidney/heart lesions (Yoshizawa and Morooka 1973,
Yoshizawa et al. 199&orsell et al. 1987, Ryu et al. 1988). In a separtatéys 1I5ADON
showed more toxicity than DON wheahe mycotoxins were orally administeréa mice
(Forsell et al. 1987).

Studies suggested that type TCs are more toxic in mammals than tyBe which
means that functional variability #te C-8 position of TC hasa significant role in toxicity.

The toxicity of various TC mycotoxins in animals can be ranked in the order2f T
toxin>HT-2 t o x i n > NJADONDIG-RIDON according to the results from human cell
lines and mice model systems bioassays (Ustnal. 1983, Pestka et al. 198Nielsenet al.

2009). Moreover, animal feeding assays demonstrated that monogastric animals are most
sensitive to DON. The order of sensitivity of animals to DON is
pigs>rodents>dagrcas>poultry>ruminants (Pestka 2005). The reasdor the variations in

DON toxicity speciegnight bedue todifferences in metabolism, absorption, distribution and
elimination of thanycotoxinamong animal species (Pestka 2007).

To my knowledgethe mechanism of TC uptake by plant cells has not bieeled.
Nonetheless, cereals are exposed to TC by toxigeasaria infection which may cause
various toxicites, such ascell damage, wilting, chlorosis, necrosis, program cell death and
inhibition of seedling growth in sensitive plarfesg.,wheat, maie and barley(Cossette and
Miller 1995, Rocha et al. 2005, Boddu et al. 20889 animals TC inhibits protein synthesis
in nonhostA. thaliana(Nishiuchi et al. 2006). Immunogold assays showed thecellular

targets of DON in wheat and maineere cel membraneyibosome endoplasmic reticulum,
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vacuoles and mitochondria. Modulation of cell membrane integrity and electrolyte losses
were observed by direct DON interference in maize and wheat cell assays (Cossette and
Miller 1995, Mitterbauer et al. 2004PON-mediated mitochondrion membrane alterations,
disruption of host cells enzymatic activity, apoptosis and nectasise beerobserved in
cereals (Mitterbauer et al. 2004, Rocha et al. 2005). In contrast to animé&h kypeore toxic

to plants than fye-A. DON showed 8and 13fold phytotoxicityto wheat coleoptiles than-T

2 and HTF2 toxins, respectively (Eudes et al. BROBy compilation of different studies, TC
phytoxicity can be ordered as: D@BFADON>T-2 toxin>DAS (Wakulinski 1989, McLean

199%, Euwles et al. 2000).
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1.7. Cellular and molecular mechanisms odDON toxicity in animals and plants

The underlying cellular and molecular mechanisms of DON/TC toxacggvolving.
Exposure to DON proceeds with the up and down regulation meraus critical genes of
eukaryotic organisms, which causes various negative effects on animal and plant organisms
(Figure 12).

One of the early events of DON toxicity occurs when the mycotoxin binds to the
active ribosome, resulting in blocking protetranslation through different routes, by
damaging thaibosome(Shifrin and Anderson 1999), degrading or altering conformational
changes of 2BrRNA (Alisi et al. 2008, Li and Pestka 2008), and inducing expression of
mMiRNAs. This results in down regulatiai the ribosome associated genes (He et al. 2010a,
Pestka 2010). BotAnimal and plant cell assays demonstrated that DON bound to the peptidyl
transferase (Rpl3) domain of the 60S subunit of ribosome and blocked protein chain
elongation and termination high DON concentrations, while peptide chain termination and

ribosome breakage occurred at a low level of DON exposure (Zhou et al. 2003a).
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Figure 1-2. Cellular and molecular mechanisms of deoxynivaldnalcity in eukaryotic
organisms. DON is sintp absorbed by the cell and interacts with the cytoplasmic membrane
(CM), mitochondrion (MT) membrane and ribosome. Disruption of the CM and alteration of
the MT membrane causes a loss of electrolytes and affects the function of the MT,
respectively. DON imds to the active ribosomesvhich leads to ribosome damage and
induces micro RNAs (miRNA). Expression of miRNA impairs the synthesis of ribosome
associated protein. The subsequent transduction and phosphorylation of thaciRMfed
protein kinase (PKR) and hematopoietic cekinase (Hck) activate the mitogeactivated
protein kinase (MAPK) cascade. Phosphorylation of the MAPKs induces targeted
transcription factors (TF), which results in ribotoxis stress response, upregulation of
proinflammatory cytokies and dysregulation of neuroendocrine digga(derived from

Pestka 2007 and 2010).
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The consequence @ON interaction withribosome leads tocellular and molecular
changeswhich arecomplex and not fulljunderstoodHowever, it is welldemonstratedhat
the activation of the mitogeactivated proteirkinase (MAPK) and subsequent molecular
actions play key roles in the cytotoxicity of TC. Upon binding to the ribosome, DON rapidly
inducel interactions between the protéimases and the ribosomal &sulunit as observed in
mononuclear phagocytes (Bae and Pestka 2008). Ribosomal binding to DON @dheate
ribosome associatddnases, for instancs, proteinkinaseR (PKR), hematopoietic ceinase
(Hck) and B® mitogenactivated proteirkinase The protin kinases are induced by double
stranded RNA (dsRNA) or possibly by the damaged ribosomal peptides (lordanov et al. 1997,
Shifrin and Anderson 199Zhou et al. 2003b, Pestka 2007). Subsequent phosphorylation of
kinase (e.g., PKR/Hck/P®) activates the MPK cascade resulting in ribotoxis stress
response, upregulation of proinflammatory cytokines and dysregulation of neuroendocrine
signaling (Pestkaand Smolinki2005, Pestka 2010). Studissggestedhat high doses of
DON induces ribotoxis stress respon@goptosis) preceded by immunosuppression and
disruption of intestinal permeability/tissue functiqi¥ang et al. 2000, Pestka 2008urther
studyobservedstabilization of the mRNA and expression of transcription factors for critical
genes, when cells we exposed talow concentration of DON (Chung et al. 2003).

The MAPK pathway proceeds with upregulationadfroad range of proinflammatory
cytokine genes and dysregulation of neuroendocrine signaling within the central and enteric
nervous systems. Mothtion of neuroendocrine signaling by DON increhsee level of
serotonin,resultedin vomiting, reduced food intake and growth retardation in experimental
animals/cell lines (Prelusky and Trenholm 1993, Li 2007). Upregulation of proinflammatory

cytokinesand chemokines genesgas determined in mice liver, spleen, kidney and lung
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following in 1 h of exposure to DON. A subsequent shitkok effect was observed in mice
because of a ficytokine stormo (Pestdsaled2008) .
to various cellular effection the central nervous systemterference othe innate immune

system, and growth hormone signalinihesecontribute to anorexia, growth retardation,
aberrant immune response, and tissue dysfunction as demonstrated rimexja¢ animal

systems (Pestka 2010).

DON-mediated growth retardation in mice via suppression of growth hormones
(insulin-like growth factor 1 and insulihke growth factor acidabile subunit has been
reported by Amuzie et al. (2009). Disruption of gissues by DON/NIV and subsequent
impairment of intestinal transporter activity was demonstrated in a human epithelial cell
model (Marseca et al. 2002). tudy proposed that alteration of gut tissue permeability
may cause gastroenteritis induction agywth retardation in livestock animals. Growth
retardation of livestock may also occur via dysregulation of neuroendosigmaling
mediated induction of emesis and anorexia (Pestka et al. 2010).

The molecular mechanism of TC toxicity in plant systems hat been well
documentedA recent study showed the upregulation of numerous defense related genes in
wheat upon exposure to DON (Desmond et al. 2008). The study further suggested that DON
induced program cell death in wheat occurtddough a hydrogen eroxide signaling

pathway. This mechanism had not been observed in mammals.
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1.8. Strategies to control FHB and trichothecenes

During the past decades, many-paed postharvest strategies have been applied to
protect cereal crops frorfrusarium infesation and to eliminate TC from contaminated
agricultural commodities (FAO 2001, Munkvold 2003, Varga and Toth 2005, Kabak and
Dobson 2009). Some of the above crop protection techniques have been patented (He and
Zhou 2010). In spite of those efforts, T@n¢amination of cereals appears to be unavoidable
usingthe currently available methods.

Pre-harvestcontrol stratgiesinvolving cultural practices€.g.,crop rotation, tillage,
early planting) and fungicidepplications,partially reducedrFusariuminfection and DON
contamination in cerealdD{ll-Macky and Jones 2000, Schaafsetaal. 2001). However,
repeated application of fungicides may lead to the evolutidfus&riumstrainsresistant to
fungicideswi t h gr eater mycot oxi retap 1988). iicpbshaovest, a b i | i
reduction of grain moisture by artificial drying, storage at low temperaturdSQ)L and
proper ventilation of the storage room have shaovbe effective in inhibiting fungal growth
and mycotoxin production in infected gnaiMidwest Plan Service 198Wilcke and Morey
1995. This technology has become less applicable, particularly in developing countries,
because of the frequent observation required to maiptajperstorage conditiongHell et al.
2000).

Removal of Fusarium infected grais by physical methods e(g., mechanical
separation, density segregation, colour sorting &ag unable teliminate TC completely
(Abbas et al. 1985, He et al. 2@)0This is partly because FHB symptomless kernels may
contain a considable amount of DON, whiclare not eliminated by physical separation

proceduregSeitz and Bechtel 1985). Several studies showed that milling and food processing
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steps were unable to completely remove DON from ¢pased foods (Jackson and
Bullerman 1999Placinta et al. 1999, Kushiro 2008). Detoxification of TC by chemical
treatmentsd.g.,0zone, ammonia, chlorine, hydrogen peroxide, and sodium metabisulte) ha
been demonstrated (Young et al. 1986, Young et al. 1987, Young et al. 2006). The problem
with these techniques is that the application of such chemicals is not economically viable and
it also has a negative impact on grain quality (Karlovsky 20Although the technique has

been populaland showed effectiveness to certain mycotoxins, utilizatbdrabsorbents to
inhibit mycotoxin absorption by the livestock gastrointestinal tract appeared to be ineffective
for TC (Huwig et al. 2001).

The introduction oFusariumresistant cultivars would be the best strategy to address
the FHB and associated myowrin problemsin cereals However, breeding for cultivars
resistant to FHB/GER is difficult and time consuming as natural resistance dgasasium
is quantitative in nature. FHB resistaguanttative trat loci (QTLs) have been identified in
several ceeal genotypese(g.,Sumai 3, Ning 7840Bussard (Bernando et al. 200G olkari
et al. 2009,Haberle et al. 2009yang et al. 2010 The 3B, 5A and 6BQTLs for typel
(resistant to initial infection) and tydé (resistant to fungal spread in the kerne¥istances
have been identified on different wheat chromosomes (Buerstmayr et al. 2009)l Type
(Qfhs.ifa5A) and typell (Fhb1l/Fhb23B) QTLs from Sumai 3 are being used in many
breeding programs and pyramiding of the QTLs in spring wheat showed add#itects.
Nonetheless, the key genes involved in FHB resistance in cereals are yet to be identified. This

makes it difficult to integrate the resistance genes into elite cultivars.
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Cultivar development by direct incorporation of TC/DON resistanceegéenay be an
alternative way of protecting grains from these mycot®gontaminations. Many genes from
distantly related species have been integrated intoairparsusing a transgenic approach
with great economic benefit®(ookes and Barfoot 2006DON transforming trichothecene
3-O-acetyltransferase  (TRI1Q01 from Fusarium  sporotrichioidgs and UDP-
glucosyltransferase (fromArabidopsis thalianpgenesexpressed in cereal cultivars showed
some DON/DAS detoxifying ability unden vitro and contrded conditions (Kimura et al.

1998, Okubara et al. 2002, Poppenberger et al. 2003, Ohsato et al. 2007). By contrast, no
reduction of mycotoxins in either of the above cases was obsenastfield conditions
(Manoharan et al. 2006). Importantly, the transfoeoh acetylated and glycosylated
compounds could revert to the original substances or convert to even more toxic products

(Gareis et al 1990, Alexander 2008).

1.9. Isolation of DON/TC deepoxidating micro-organismsand genes

An enzyme with the capabilitgf de-epoxidizing DON/TC appears tee a potential
source for completely removing TC from contaminated cereals (Karlovsky 2011). However,
such trichothecene detoxifying genes do not exist in cerealsthadplants (Boutigny et al.
2008). Because of thisgveral research groups have attempted to obtain microorganisms that
encode DON/T(de-epoxidationgenes.Mixed microbial culturecapable of depoxydizing
trichothecenes have been isolated from chicken gut (He et al. 1992), cow ruminal fluid (King
et al. 1984; Swanson et al. 1987; Fuchs et al. 2002), pig gut (Kollarczik et al. 1994), and
digesta of chicken (Young et al. 2007), rats (Yoshizawa et al. 1983), sheep (Westlake et al.

1989) and fish (Guan et al. 2009). All of the microbial cultures cited ablooeesl de

28



epoxydation capabilities only under anaeratmaditions, realtively highemperaturesind at
low/high pH, except microbes frofrsh intestine that showed efficiede-epoxidation at low
temperatures and wide range of temperatures (Guan et 8). 280ch enzymes active under
anaerobic conditions, high temperatues and low pH may have potential apieatifeed
additives, and the eubacterial strain BBSH 797 is an animal feed additive product with the
brand name Mycofix® by BIOMIN (He et al. 20f). Biotechnological applications of
anaerobicallyactive enzymes from the above microbial sources seem to be inappropriate
under the aerobic and moderate conditions at which cereals plants are grown.

Most of theseefforts have failedto isolate single DN/TC degrading microbes
effective under aerobic conditiorfsecause of inappropriate microbial growth conditions
under laboratory condition&arlier attemptsveremade to obtaiffC deepoxidizingaerobic
bacteria, but the culture did not retain DN/ de-epoxidationactivity after reculturing
(Ueno 1983 He et al. 199 In addition, the canetabolic nature othe microbial TC de
epoxidationreaction has limitethe useof mycotoxins as the sole nutrient source for selective
isolation of the target micreganisms.Several DON/TC de-epoxidationmicrobial strains
including Bacillus strain LS100 andeubacterialstrain BBSH 797 have been isolated from
chicken gut and rumen fluiddirough multistep enrichment procedures (Fuchs et al. 2002,
Yu et al. 2010)A DON to 3keto DON transforming bactial strain was islated from soil by

prolongedincubation with high concentration DON (Shima et al. 1997).

Microbial genes/enzymesith TC deepoxidation activityare not known. Based on
the microbial TC deepoxidationactivity of a mixed microbial cultureit has been proposed
that ceratin reductaser oxidoreductasemay catalyzesucha biochemicateaction (Islam et

al. 2012). With the advent of molecular techniques, many novel genes with
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industrial/agricultural valuénave been cloneddy reverse geneticsgénomic DNA library
preparation and functional screening of the library clpnfEsward genetics t{ansposon
mutagenesjsand comparative genomiasethods(Frey et al. 1998Koonin et al.2001,
Suenaga et aP007, Chung et al. 2008nsorge2009). The tremendous advancement of next
generation sequencing technology and bioinformatics tools may facilitate the identification of
the microbial genes responsible for DON/TC detoxificagidnsorge 2009)Isolationof TC
de-epoxidationgenes may play a major role in producing safe foods and feeds derived from

grains.

1.10.The bacterial specieitrobacter freundii

Citrobacter freundiiis a bacterial species belonging to the family Enterobactetiace
is a facultatively anaerobic and Granegative bacilis (Wang et al. 2000). The bacterium
survives almost everywherencluding: animal/human intestirse blood, water and soils
(Wang et al. 2000, Whalen et al. 200%). freundiiis known as an opportunistic human
patlogen and causes variety ofrespiratory tract, urinary tract and blooadfections and
responsible foseriousneonataimeningistisdiseasgBadger et al. 1999Vhalen et al. 2007).
Interestingly,this bacterium plag apositive environmentalole throughnitrogen recycling
(Puchenkova 1996%5trains ofC. freundii also contribute to the environment $gquenstering
heavy metalsanddegradingxenobiotic compound&umar et al. 1999, Sharma and Fulekar

2009).
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1.11. Hypotheses andbjectives
The study was based on the following hypotheses

i. Certain microorganisms in DON contaminated agricultural soils are able to transform DON

to deepoxy DON (e-epoxidation under aerobic conditions and moderate temperatures.
ii. DON de-epoxicationmay be achieved by a single microbial strain.

iii. Microbial DON detoxifying genes and associated regulators are able to express and

function in a closely related host organism.

iv. DON detoxifying microbial strains carry genes trepoxidationadivity that are absent

from related species that have not evolved under BEldctionpressure.

The objectives of this research were to:

i. Selectmicrobial culturesfrom soil having DON de-epoxidationactivity under aerobic
conditions and moderate tesrptures by analyzing potential DON contaminated soils in
various growth conditions, namely aerobic/anaerobic condjtidiiferent growth media,

temperature and pH.

ii. Select fororganismswith DON de-epoxidationactivity from the mixed microbial culture
by treating with antibiotics, heating, subculturing on agar medium, and incubating for a

prolonged period in media with a high DON concentration.

iii . Identify microbialde-epoxidationgenes by producing a microbial genomic DNA library
from the DON de-epidizing strain, followed by screening of the clones for DON de

epoxidation
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iv. Determine microbiatle-epoxidationgeneshy sequencingf the genomend comparative
analysis of thegenome with closely related species and identification of putdd@é

detoxification genes

32



CHAPTER 2

20. AEROBIC AND ANAEROBI C DE-EPOXIDATION OF MYCOTOXIN
DEOXYNIVALENOL BY BA CTERIA ORIGINATING F ROM AGRICULTURAL

SOIL

Published in World Journal dfiicrobiology and Biotechnology. 2012, 2813.

2.1. Abstract

Soil samples ollected from differenterealcrop fields in southern Ontari@anada
were screened to obtain microorganisms capable of transforming deoxynivalenol (DON) to
de-epoxy DON (dEDON). Microbial DON to dEDON transformation (i.ede-epoxidatior)
was monitored by usg liquid chromatographultravioletmass spectrometry (LOV-MS).
The effects of growth substrates, temperature, pH, incubation time and aerobic versus
anaerobic conditions on the ability of the microbes t@pexidize DON were evaluateA.
soil microbid culture showed 100% DON to dEON biotransformation in mineral salts
broth (MSB) after 144 h of incubation. Treatments of the culture with selective antibiotics
followed an elevated temperature (50°%@y 1.5 h and subculturing on agar medium
considerabl reduced the microbial diversity. Partial 268NA gene sequence analysis of the
bacteria in the enriched culture indicated the presence of at Seasitig Citrobacter,
Clostridium Enterococcus Stenotrophomonas and Streptomycd$ie enriched culture
completely deepoxidizedDON after 60 h of incubation. Bacteridbe-epoxidationof DON

occurred at pH 6.0 to 7.5, and a wide array of temperatures (12 to 40°C). The culture showed

33



rapid de-epoxidationactivity under aerobic conditions compared to anaerodmclitions. This
is the first report on microbial DON to dBON transformation under aerobic conditions and
moderate temperatures. The culture could be used to detoxify DON contaminated feed and

might be a potential source for gene(s) for D@&epoxidaton.

Keywords: biotransformationde-epoxidation deoxynivalenolsoil bacteria,yomitoxin

2.2. Introduction

Deoxynival enol ( DON, commonl y -triyd@xyn as
12,13epoxytrichothee-en8-one, is a trichothecene produced by toxigénisariumspecies
causingFusariumhead blight (FHB) orGibberella ear rot(GER) disease on small grain
cerals and maize, respectively (Starkey et al. 2086@roud and Eudes 2009). DON
contamination in cereals amdaizeis widespread and can lead to tremendous losses to the
growers. It has also detrimental effects on human and livestock health (Pestka am$ksmoli
2005 Rocha et al. 2005). The toxin interferes with the eukaryotic ribosomal peptidyl
transferase (Rpl3) activity, resulting in human and animgtotoxicosis(Ueno 1985 Bae
and Pestka 2008Common effects of DON toxicity in animals include diarsheamiting,
feed refusal, growth retardation, immunosuppression, reduced ovarian function and
reproductive disorders (Pestka and Smolinski 208stka 2007). In plants, DON causes a
variety of effects, viz. inhibition of seed germination, seedling grovgileen plant
regeneration, root and coleoptile growth (cited in Rocha et al. 2005). In addition, DON

enhances disease severity in sensitive host plants (Maier et al. 2006).
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Avoidance of DON contamination or reduction of toxin levels in contaminated grains
remains a challenging task. Physical and chemical processes are either inappropriate or
prohibitively expensive to use to decrease the DON content of agricultural commodities
(Kushiro 2008 He et al. 2016). The use ofusariumresistant crop varieties g be the
best method to reduce DON contamination. However, breeding for FHEER resistant
cultivars appears to be very difficult and time consuming as natural sources of resistance
againstFusariumcaused diseases is quantitative in nature (Ali é2@05 Buerstmayr et al.
2009). As an alternative, expressing genes for enzymatic detoxification of DON in elite
cultivars may be an effective strategy for protecting the value of feeds and foods (Karlovsky
1999). Heterologous expression of eukaryotic tthlbcene 3-acetyltransferase and UDBP
glucosyltransferase genes in cereals Anabidopsishave resulted in reduced toxicity via
acetylation and glycosylation of the DON (Poppenberger et al., Zl@sato et al. 2007).

It has been proposed that enzymaleeepoxidationof trichothecene toxins could be
used to limit DON contamination (Zhou et al. 2068roud and Eudes 2009). DON belongs
to type Btrichothecenes, which contain an epoxide ring at-C32nd the epoxide is highly
reactive and mainly respongbfor toxicity (Figure2-1) (Swanson et al. 198&riksen et al.

2004).

35



AOH

De-epoxydation
>

i

HO \

0 OH
De-epoxyDeoxynivalenol
(dE-DON)

Deoxynivalenol
(DON)

Figure 2-1. Mechanism of microbial DOMe-epoxidation Removal of the oxygen atom from
the epoxide ring results in formation of a C=C double bond-&2 @osition, which reaces

cytotoxicity (Swanson et al. 1988, Eriksehal. 2004)

Microbial DON de-epoxidationby single bacterial strains and by mixed cultures has
been reported (King et al. 1988wanson et al. 198He et al. 1992Kollarczik et al. 1994
Fuchs et al. 2@ Young et al. 200,/Guan et al. 20Q9vu et al. 201D However, all of these
microbes originated from fish and other animals, and were strictly anaerobic. The recovered
microbial cultures and single strains only showsepoxidationof trichothecenes dbw
(0150C) and high (>30AC) temperatures. Such
toxin decontamination in cereal grains. The aim of the current study was to isolate the
microbes from soil capable of transforming DON to aegexy metabolite uret aerobic

conditions and moderate temperatures.
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2.3 Materials and methods
2.3.1.Soil samples

The upper layer (30 cm) of so# along with crop debris were randomly collected
from cereal é.g.,maize, wheatbarley crop fields during 20042006 in Southern Ontario,
Canada Det ailed of the crops and |l ocations of
Master Degree thesis (He 200Briefly, soil sampls were ollected in sterile plastic bags
and transported to the laboratory. Samples were sieved to remove large roots, stones and
stored at 4°C until use@he samples werenixedwith grounded mouldy corn (containing 95
png/g DON) +F. graminearumand incubated at 224°C for six weeks Five samples were
preparedor DON deepoxidation activityanalysis bydispersing 53 soil in 50 nL distilled

water and stang a4°C until further use.

2.32. Culture media

Media used in the stly were: nutrient broth (NB)L.uria Bertani(LB), minimal
medium (MM) (He 2007)six mineral salts 4.5% bacto gptone (MSB) (He 2007), tryptic
soy broth (TSB)cornmeal broth (CMB) (Guan et al. 2009), potato desér broth (PDB)six
mineral salts #.5% yeast extract brothtMSY) and soil extract (SE). MM was composed of
sucrosel0.0 g, KHPOs-2.5 g, KHPQ,-2.5 g, (NH),HPO-1.0 g, MgSQ7H,0-0.2 g,
FeSQ-0.01 g, MnSQ7H,0- 0.007 g, water985 ni, and MSB was congsed of the same

salts as MM but was supplemented with Bacto
instead of sucrose. To prepare soil extract, 100 g of the composite soil was homogenized in 1
L water. The soil particles and plant debris were remowegdssing the soil suspension

through Whatman® grade 3 filter paper (SigAldrich, Oakville, Ontario, Canada). The
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extract was autocladeat 121°C for 30 min. Media and ingredients were purchased either
from Fisher Scientific Inc. (Fair Lawn, New Jers&\5A), SigmaAldrich (Oakvile, Ontario,
Canada)r Difco (Sparks, Maryland, USAPrior to autoclavingpH of the broth media was

adjusted to 7.0. Solid media were prepared by adding 1.5 % agar.

2.3.3. Screening of soil samples

Frozen soil suspensions methawed and vortexed to homogenize the microbial
population. An aliquot (1001l of the suspension was immediately transferred to MSB, PDB
andMM broth media. DON at 5Qg/mL was added to the microbial suspension cultures. The
cultures were incubated apP-24°C with continuous shaking at 18@volutions per minute
(rpm). The extent of DONle-epoxidationwas determined at 24 h, 48 h, 72 h, 96 h, 120 h and

144 h of incubation.

2.3.4. Determination of de-epoxidation product

Microbial DON de-epoxidation was measured according tGuan et al. (20@).
Samples were prepared by mixing equal volume of microbial culture and methanol, and
allowed to stand for 30 min at room temperature. Microorganisms in the mixture were
removed by passinpemthrough a 0.45 um Mipore filter (Whatman®, Florham Park, New
Jersey, USA). The filtrates were used derepoxidationanalysis by a liquid chromatography
ultravioletmass spectrometry (l2OV-MS). Identification and quantification of DON and its
transformation product wasclieved using a Finnigan LCQ DECA ion trap MS
instrument (ThermoFinnigan, San Jose, CA, USM)e equipmentdetects30-2000 m/z

(molecular mass: ion ratio) compounds and able to determineguth@ll DON. The HPLC
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system was equipped with a Finnigan Spe8lystem UV6000LP ultraviolet (UViletector

and an Agilent Zorbax Eclipse XDB C18 col umr
phase consisted of solvent A (methanol) and solvent B (water). The system was run with a
gradient program: 25% A at 0 min,i28l% A over 5 min, isocratically atl4 A for 2 min

and 4125% A over 1 min. There was a 3 min pash at its starting condition to allow for

the equilibration of the column. The flerate was set at 1.0 lbmin. UV absorbance was

measured at 218 nm. Atmospheric pressure chemical ioniza@@I1) positive ion mode

was used for MS detection. A DON standard was used to adjust the instrument to its
maximum response. The system was operated as follows: shear gas and auxiliaayeBow

were set at 95 and 43 (arbitrary units); voltages on théargptube lens offset, multipole 1

of fset, mul tipole 2 offset, and entrance | er
and 142.00 V, respectivel y; capillary and va
respectively; and the dischargee e dl e current was set at 7 €A
was achieved by comparing their retention times, UV spectra and mass spectrum with DON

and deepoxy DON (Biopure, Union, MO, USA) as standards. Quantification of DON and

product was based on peateas related to their UV and MS calibration curves.
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2.3.5 Biological DON de-epoxidation

To help identify the types of microorganisms causing the Ri@Mpoxidation MSB
medium was supplemented with either 3@§mL penicillin G or streptomycinwfate for
suppressing gram positive or negative bactegiawth andactivities respectively. Three
replications of antibiotitreated media were inoculated with 100 pf microbial culture
capable of depoxidizing DON. The antibiotiectreated cultures &re incubated at 27°C
spiked with 50 pg/mL DON.Controls were prepared without adding antibiotics in the
microbial culture. Inhibition of DONdeepoxidation was analyzed aftefive day of

incubation.

2.3.6. Reduction of microbial diversity by antibiotic treatments, heating and
subculturing on agar medium

In order b reduce noiDON degrading microbial populations, the DOd&
epoxidationcapable cultures were sequentially treated with antibiotics having diverse modes
of action, including: i) dichlorampheratthat kills various gram positiv&ram-negative and
anaerobic bacteria, ii) trimethoprim that killSram-positive and negative bacteria, iii)
penicillin that is lethal tadGram-positive bacteria and iv) cyclohexamide to kill filamentous
fungi and yeastsAntibiotics were purchased from SigrAddrich. Antibiotic stock solutions
(10 mg/mL) were prepared with sterile water or methanol. Microbial cultures in MSB
medium were treated with 1Q@/mL of each antibiotic followed by incubation of the culture
at 50C for 1.5 hourgo kill undesirded microbial specie&fter heating, cultures were treated
with 50 ug/mL DON and incubated at 27°C fiive days. DONde-epoxidationactivity of the

microbial cultures was determined following the procedure described aBolteresthat
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showed >99%le-epoxidationwere considered for subsequent antibiotic and heat treatments.
Aliquots of the achieved culture ere spread on MSB agar plates and grown at room
temperature for few days. Colonies appeared on the platescalégeed and incubated in
MSB medium supplemented with $@/mL DON. De-epoxidationability of the subcultured
microbial cultures was determined aftevefidaysof incubationat 27°C by LCUV-MS

method

2.3.7. Analysis of microbial population diversity
Terminal Restriction Fragment Length PolymorphisifT-RFLP) analysis

Initially microbial diversity was determined by terminal restriction fragment length
polymorphism (FRFLP) fingerprint analysis (Bruce and Hughes 2000). Genomic DNA from
microbial cultures wh and withoutenrichment was extractealsing DNeasy Plant DNA
Extraction Mini Kit (Qiagen Inc., Mississauga, Ontario, Canatl$rDNA was amplified
by PCR using the HEXabeled forward primer Bac8(5-agagtttgatcctggctcag’) and
unlabeled reverse pnier Univ1492r(5-ggttaccttgttacgact®’) (Fierer and Jackson 2006).
Fifty microlitter PCR mixture for each sample was prepared having 1x HotStarTag Master
Mix (Qiagen), 0.5 puM of each primesp pug of BSA, and 50 ng of DNA. The 35 PCR cycles
followed 60 sat 94°C, 30 s at 50°C, and 60 s7atC. After size verification by agarcgel
electrophoresis50 ng of purified PCR products was digested for 3 h in a l2Ggaction
mixture with 5 U ofHhal restriction enzymd&New England Biolabs, Ipswich, MA, USA).
The size and relative abundance of the labeld®FFLP fragments were separated by capillary
electrophoresis in an automated DNA sequencer equipped with fluorescence detector

(Applied Biosystem 3730 DNA Analyzer). The DNA fragments were analyzétdthe Pel

41



Scanner E Software v1.0 wihthe geeetctfiegergints oéthee ct r o

microbial community.

Analysis ofV3-V5 region of the 16§ DNA
To define the bacterial genera present inghgachmentculture, the 168DNA was
amplified usingtwo sets of bacterial universal primers. Primarily, 4B8SIA was PCR
amplified using the primers 460 gcyt aacacatgcaagtcga3do (Kapl
1371rF5 6 gt gt gt acaagncccgggaa3d6 (Zhao et al . 200
25¢ Lwhichcontainedd . 6 €M of each pri mer, 1x of Hot St
and 2040 ng of DNA. The PCR cycles included the following steps: 95°C (15 min); 35 cycles
of 94°C (20 s), 52°C (15 s), 72°C (1 min 30 s); and a 72°C (7 min) extension stepcdi s
pair of wuniversal bacterial primers were A agagtttgatcmtggctcac
50ggttaccttgttacgactt3d (Lane 1991) . PCR wa
procedures of Tian et al. (2009). Amplification was carried out in a GeneAmp® PCRnSyste
9700 (Applied Biosystems). Furthermore, the PCR products were used as templates to
amplify the hypervariable \W¥5 region of the 168DNA wusing primers 357
56cctacgggaggcagcag306 and 907r7 506ccgtcaattc
After purification of the PCR products by QIAquick PCR purification Kkit, two
amplicon libraries were prepared by ligating to pCBPO vector (Invitrogen) and the library
clones were transformed into TOPO10 compete
cloning manual. fie clone libraries were plated on LB plates containinge2§ / mL
kanamycin. Fifty colonies from each library were randomly picked up from the overnight

plates and inserts were sequenced as described by Geng et al. E2XDR6products were
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sequenced with an automated ABI 3730 DNA analyzer (Applied Biosysté&imsyequence
similarities of the amplified V3/5 region were compared with the ribosomal database project
(RDP) (ttp://rdp.cme.msu.edu/Sequences with greater than 95% identity were assigned to

the same bacterial genus

2.3.8 Factors influencing DONde-epoxidation
DON de-epoxidationability of the enriched microbial culture was investigated under

different conditions as described below.

Maintaince of active culture
To retain microbial depoxidation activity, the aiefe culturehas beemaintained in

MSB medium containing 5ag/mL DON.

Media, growth temperature and pH

Overnight microbial cultures (10 [ were added to 2 mof NB, LB, MM, TSB,
MSB, CMB, MSY, PDB or SE broths The pH of the media was adjusted t0 @and the
experiments were conducted at 27°C temperature. The effect of temperature was studied by
incubating the culture in MSB medium (pH 7) at 12, 20, 25, 30 and 40°C. To determine the
effects of pH, MSB medium pH was adjusted to 5.5, 6.0, 6.5, 7.Garidd3.0. Media with
different pHs were inoculated with aliquots of the overnight active culture and then incubated
at 27°C. The cultures were supplemented withe5§ / BDQN before incubation. Three

replications for each medium, temperature and pH condition were evaluated.
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De-epoxidationunder aerobic and anaerobic conditions

Three replicate microbial cultures @ive mL each were grown in sterile 15Lm
centrifugetubes under aerobic conditions and in an anaerobic chamber filled with 95% CO
and5% H, (COY Laboratory Products Inc., Ann Arbor, MI, USA). Three days after initiation,
half (2.5 nL) of the cultures from anaerobic conditions was transferred to newfagatri
tubes and brought to aerobic conditions. Similarly, half of the aerobically grown cultures were
placed into an anaerobic chamber. Cultures moved from anaerobic to aerobic conditions were
shaken after opening the lids of the tubes in a laminar flowyesight hours intervals to
maintain aerobic conditions in the culture. Lids of the culture tubes transferred to anaerobic
conditions were kept loose to allow oxygen to escape from the culture. Two days after
transferring to the new conditions, the cultine both conditions were treated with s§/mL
DON and incubated at 27°Every 12 h, 500 1 were removed from each tube and analyzed

for microbial DONde-epoxidationactivity by LG-UV-MS.

2.3.9 Data analysis

Data were processed using Microsoft Excebglam 2007. Statistical analysis was
done using General Linear Modetocedures in SASersion 9.1 (SAS Institute Inc., Cary,
NC, USA, 200203). The results were the average of three replications, stated as mean *
standard error. Differences between mearse considered significant p& 0.05according

to Tk e yHESB test.
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24. Results
2.4.1. Analyses of DON to dEDON biotransformation

A typical LC-UV-MS analysis where there is incompleeepoxidationof DON by a
particular soil suspension cultur® shown in Figure-2. Analysis by LC with UV detection
and integration of peak areas showed 66.2% conversion of DOB-ROIN (Figure 22a).
Analysis LC with MS detection (expressed as total ion counts) indicated 64.3% conversion
(Figure 22b). LC analyse with UV and TIC (total ion count) detection are subject to
interferences due to esluting contaminants, and therefore, integration of small peaks was
very difficult making quantification inaccurate. MS detection by SIM (selected ion
monitoring) can elirmate the influence of eeluting contaminants. For example, the SIM LC
chromatogram for DON (Figure-2c) was generated by using the major ions resulting from
the APCI positive ion MS of DON (Figureze).

Similarly, the SIM LC chromatogram folEdDON (FHgure 22d) was derived from the
MS ions of &-DON (Figure 22f). The signal to noise ratios (S/N) of peaks observed by SIM
were at least 20 times greater than those detected by TIC because there is reduced likelihood
of co-eluting peaks having the samenso Intgyration of the SIM peaks reveal@d61.6%
conversion. The three methods gave similar results, but the SIM LC results were considered
to be the most accurate. Using that method, the conversion of DONDROY by the mixed

culture occurred most qudly at 48 h and was completed by 144 h (Figu®).2
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Figure 2-2. LC-UV-MS chromatographic analysis of DON and itsegmxidatedproductdE-

DON obtained by culturing with selected soil microbes. (a)UMchromatogram of product
mixture monitorecat 218 nm; (b) LEMS total ion chromatogram (TIC) of product mixture;

(c) selected ion monitoring (SIM) chromatogram of cultured DOM/a231, 249, 267, 279,

and 297; (d) SIM chromatogram of culturé8DON atm/z215, 233, 245, 251, 263, and 281;
(e) amospheric pressure chemical ionization (APCI) positive ion mass spectrum of DON; (f)

APCI positive ion mass spectrumdi-DON.
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2.4.2. Screening of soil samples

Initially, samples originating from soils weamalyzedn three types of ctlre media
to support the growth dtingi, yeast and bacteria. However, cultures growing in PDB, which
is a suitable substrate for many fungi and yeasts, digherotittransform DON tadE-DON
(data not showrby microorganisms A define medium (i.e.MM) was also used in the
sample screening assay. None of the soil samples shogepoxidationactivity in MM
(data not shown). From five soil samples, sod sample culture showedie-epoxidationof
DON in MSB. The culture in MSB converted >99% DONJE&DON within 144 h (Figure-

3). Conversion began after a lag of 48 h and was linear thereafter with a rate of 1% per hour.
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Figure 2-3. Time course of relative biotransformation of DONI&DON by the initial soil
suspensiorculture in MSBmediun. The culture contained 50 g / BN at time 0. Culture

with three replicationsvas incubated at room temperature with continuous shaking at 180
rpm. The conversion of DON to dBON wasanalysediy LC-UV-MS at 24 h intervals. Blue

and red linesire the percent conversion of DON aretovery of dEDON, respectively.
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2.4.3. Evidence of hological DON de-epoxidation

Treatment ofactive microbialculture with 100pug/mL of streptomycin completely
inhibited DON de-epoxidation In contrat, the same concentration of penicillin Gddcot
affect activity of the culture(Figure 2-4). Streptomycin is effective again&ram-negative
bacteria, while penicillin G is lethal tGram-positive bacteria. These experiments provided

evidence that DON depoxidation may be caused by cert@mam-negative bacteria.
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Figure 2-4. Microbial de-epoxidationof DON after five days of incubatiormrhe active DON
de-epoxidation culture was treated with either 100 pg/mL penicillin G or streptomycin
(Strepgo) in MSB. Cultures having three replicat® were added 50 pg/mL DON and
incubated at room temperatures with continuous shaking at 180Fgmaontrok, cultures
were without antibiotics. DON to dBON transformation was monitored aftiére day of

incubation by LEGUV-MS method.
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2.4.4.Reduction of the microbial diversity

Plating the suspension cultures onto MSB agar revealed colonies with a variety of
sizes, morphologies and colours reflecting a mixed culture (data not shown). To reduce the
complexity of the culture three steps of saetacttpressures were appliedamelytreatment
with antibiotics, heat shocks ansulrulturing on solid medium The above indicated
treatments did not significantly affect DQ-epoxidationof the microbial cultures (data not
shown). FRFLP profiles of the mxed culture before treatments showed six distinct peaks of
about 110, 150,@, 220, 340 and 4@ bp restriction fragments, with the 110 bp peak being
the predominant one (Figulesa).

After treatment with antibiotics and heat, only three peaks at BH®M,ahd 325 bp
remained (Figure -Bb), suggesting that there was a reduction in the microbial diversity
without affecting DON deepoxidation. After enrichments the bacteria species in the culture
changed their growth patterns as the electropherogram pubdiifferent sizes of pick

lengths compared to untreated culture.
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Figure 2-5. Analysis of microbial population reduction kgrminal restriction fragment
lengthpolymorphism(T-RFLP). (a) Restriction fragments of theSH@®NA of the untreated
culture and (b) fragmentation patterns of the enriched culture. Picks alongdkes showed
the fragnentation patterns of the $8DNA which is related to the bacterial species diversity.
The length of picks (along the-axis) showed abundance of teraimestriction fragments

related to the abundance of particular bacterial spgeiesra
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2.4.5. Microbial population structures in the enriched culture

Microbial diversity in the enriched culture wdsterminedy analymng the sequences
of the V3V5 region (~586 bp)amplified from the 168DNAs of the microorganisms it
contained.The sequence analysis showed the presen8eméatia Citrobacter, Clostridium
EnterococcusStenotrophomonaandStreptomyces theenrichedculture (Figure2-6).

Out of 100 V3V5 sequences, 54 sequences were found to be belongBeyratia,
the predominant species of the cultufBhe remaining sequences matched with 12
Citrobacter, 8 Clostridium 14 Enterococcus 8 Stenotrophomonasnd 4 Streptomyces

speces.

55



60 1 54

>
(&)
c
S
= 40 ~
o
©
8 20
% 12 14
S 8 8
7 B = H =
0 ‘ ‘ ‘  —
> < ) () 9
& fo ~ 6\‘)& & & &
¢ P & (<X O &
9 &° & © & ©
o o @ < &
2 \gOQ >
&
=y

Microbial genera

Figure 2-6. Microbial generaidentified in the enriched DON depoxidizing microbial
culture. The bacterial genera were determined by comparindnypervariable regions (M3
V5) of the 1&rDNA using ribosomal database projdbttp://rdp.cme.msu.edu/X-axis
showed the identified bacterial genera andX¥s demonstrated the abundance of the\V3

sequences belonging to different bacterial genera.
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2.4.6. Effects of media, growth temperature, pHand oxygen requirementson DON de-
epoxidation

Of the nine media that were tested, D@dlepoxidationby the enriched microbial
culture only occurred in NB and MSBFifure 2-7a). It appeared that C and/or N
concentrations in the media were crucial for the enzigna&tivity because less or more than
0.5% Bacto Peptone in MSB reduced the microbial DON transformation ability.

DON de-epoxidationactivity occurred over a wide range of temperatures from 12 to
40°C (Figure Z7b). The fastest rates of DQf¢-epoxidationoccurredbetween 25 to@PC.

De-epoxidationwas observed within a relatively narrow range of pH (6.0 to 7.5) with
the most rapid DON biotransformation activity observed at pH 7.0 (Figiig.At pH 7.0
the enriched culture showed DQi¢-epoxidationacivity 1.25 times faster than at pH 6.0 or

7.5. At pH 5.5 and 8.0, there was no observable D@&HBpoxidation
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Figure 2-7. Effects of culture conditions on DON to-dpoxy DON transformation by the
enriched microbial culture. For the media expent (a), all the media were adjusted to pH 7

and the incubation temperature was 27°C. For the temperature experiment (b), MSB pH 7 was
used. For the pH experiment (c), MSB at 27°C was used. Microbial cultures were inoculated
with 50 g / BXQ@N. De-epoxidationwas determined after 72 h of incubatidfedia: MSY
(mineral salts +0.5% yeast extract), LB L{uria Bertan), TSB (tryptic soy broth) MSB
(mineral salts #.5%bacto peptone)SE (soil extract) CMB (cornmeal broth) PDB (potato

dextrose brothaind MM (minimal medium).
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The enriched culture showed DOdd-epoxidationactivity under both aerobic and
anaerols conditions Figure2-8). The fastest transformation (1008-epoxidationafter 60 h
of incubation) occurred in cultures (#)at were grown under aerobic conditions throughout
the culture growth period. A medium ratedesfepoxidation(100%de-epoxidationafter 72 h)
was observed in cultures that were initially grown in either aerobic or anaerobic conditions
followed by transérring to anaerobic or aerobic conditions (A+AN and AN+A), respectively.
The lowest rate occurred (1008e-epoxidationafter 96 h) in cultures grown in continual
anaerobic conditions (AN). The means comparison of microbial Di@Mpoxidation
efficiencies &60 h of incubation showed that cultures continually grown in conditions A and
AN were statistically different. Biotransformation abilities of the cultures that were switched
from one conditions to another (A+AN and AN+A) were statistically similar ameaah

other but different from cultures that were only grown in conditions A org&9.05).
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Figure 2-8. Microbial DON to dE (de-epoxy DON-DON transformationactivity under

aerobic and anaerobic conditions. A = culture incubated and exathmedtivity only under

aerobic conditions; A+AN = culture initially was grown in aerobic conditions and then
transferred to anaerobic conditions; AN = cultures grown throughout the assay under
anaerobic conditions; AN+A = culture initially grown undemarobic conditions and then
transferred to aerobic conditions. Differences of lower case letters are significantly different

in deepoxidatonc apabi |l ity (after 60 h) among incuba

HSD test p < 0.05).The experiment wasonducted with three replications.
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2.5. Discussion

The current study describes a novel bacterial culture isolated from agricultural soil that
was capableof transforming DON to depoxy DON under aerobic and anaerobic conditions
atmoderate temperates. Because it has been speculated that DON translocates to soil from
contaminated crops and DON that enters into the soil could be metabolized by microbes
(Volkl et al. 2004), soil samples for the current study were mainly collected from fields where
ceral crops contaminated with DON were grown.

In our initial sample screening steps, upwards of 144 h of incubation were required to
achieve>99% DONde-epoxidation Such a long period may have been due to the presence of
fast growing microorganisms that halippressive effects on the growth or activity of the
DON transforming bacteria (Davis et al. 2005). The sequential use of different antibiotics
with different modes of actions followed by thermal treatments and subculturing on solid
medium resulted in a dection in the number of bacterial species as determinedRLP
analysis. Analysis of VA5 region of the 168DNA showed that five bacterial genera were
present in the enriched culture. The culture showed higher @&apoxidationactivity (only
60 h equired for >99% biotransformation) compared to initial soil suspension culture that
required 144 h to complete tde-epoxidation This microbial culture could be used to isolate
the DON deepoxidizinggene(s) applyingnetagenomicsapproaches (Daniel 20D5

The culture showed completie-epoxidationactivity both in MSB and NB media.
However, we have found that the use of nutritionally rich NB medium enhance@ngen
bacterial €.g., Serratia lequifaciencgsgrowth, but this did not occur in MSB, whigh a
comparably poor medium. To avoid the possible suppressive and detrimental effects of the

fast growing bacteria on the target bacteria, MSB was used for enrichment and
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characterization of the culture. An important characteristic of the DMeMpoxidaion
activity observed for the microbial culture in the current study is its activity at moderate
temperature (280°C). In contrast, previously isolatedltcmes showed optimal activities at
l ow (O15AC) or high t e mp e Alsotthercwtse shavdddDON ( Gu a
de-epoxidationactivity at neutral pH range (pH 675) in contrast to previous reports, which
found that microbial trichothecenie-epoxidationoccurred atcidic and basipHs (Swanson
et al. 1987He et al. 1992, Kollarczik et al. 199%pung et al. 2007)However, a microbial
culture from fish gut showede-epoxidationunderwide range of pHs (Guan et al. 2009).
Probably, the pHange reflects the environment in which the bacteria naturally grow which in
this case is similar to the soil pH of a typical crop field in Southern Ontario of Cafnlaela.
advantage of the present finding is that D@bdlepoxidationactivity of the culturewas
optimal in a temperature range that matches the temperature range of activity for most arable
plants. Therefore, it is reasonable to suggest that the gene(s)/enzyme(s) responsible for the
activity have potential application for enzymatic detoxificatdrDON in cereals (Karlovsky
1999).

The current observation that bacterial D@ epoxidationactivity occurred under
both aerobic and anaerobic conditions was interesting because de@@pbxidationis a
reductive chemical reaction that might be expettede promoted by anaerobic conditions.
However, there are previous reports of aeraeepoxidationof eldrin/dieldrin by soil
bacteria (Matsumoto et al. 2008), and Goodstadt and Ponting (2004) described aerobic
reductive de-epoxidation by vitamin K epoxde reductase/phylloquinone reductase. A
definitive determination of the oxygen sensitivity of the enzyme responsible for @ON

epoxidationwill ultimately come from experiments with the purified protein.
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In conclusion, this study reports on a novel baakesource from soil that efficiently
de-epoxidizesDON at moderate temperatures under both aerobic and anaerobic conditions.
This research may lead to the isolatiomutrobes andyene(s) encoding enzyme(s) capable
of de-epoxidizingDON that could creattransgenic plants with reduced DON contamination,
thus improving food and feed safety and reducing negative effects of the toxin on public

health.
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CHAPTER 3

3.0.ISOLATION AND CHARACTERIZATION OF A NOVEL SOIL BACTERIUM

CAPABLE OF DETOXIFYING ELEVEN TRICHOTHECENE MYCOTO XINS

3.1.Abstract

Deoxynivalenol (DON, vomitoxin) is one of the most comnyodétected food and
feed contaminating mycotoxins worldwidie order b develop a control method effective
under aerobic conditions and moderate temperatures, a bacterial strain, ADS47, was isolated
capable of transforming DON to the less toxiceg@xy DON. The bacterial strain is
facultatively anaerobicGramnegative, rod shaped with an average cell size of 1.50 X 0.72
pum, and has peritrichous (multiple) flagella. The ABBIA gene sequence had >99%
nucleotide identity t&itrobacter freundij a bacteam that belongs to the gamma subclass of
proteobacteria. Strain ADS47 showed near 10@84poxidationof DON after 42 h of
incubation in nutrient broth (NB) under aero
neutral pH (7.0). Howevede-epoxidationcould occur at 148 5 e C a n é/.5.dJhder6 . 0
anaerobic conditions, near 1008é-epoxidationwas observed after 72 h mainly during the
stationary growth phase. Microbial DOde-epoxidationability increased with increasing
DON concentrations in the cultureedia Inhibition of bacterialde-epoxidationby sodium
azide suggested that an active electron transport chain was required. In addition to DON,
strain ADS47 was able to d@moxidize and/or deacetylate five typ and five typeB
trichothecene mycotox@é This is the first report of a bacterial isolate capable of de

epoxidizing DON and trichothecene mycotoxins under aerobic conditions and moderate
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temperaturesStrain ADS47 could potentially be uséa bioremediation to eliminate DON

andothertrichothe@ne mycotoxins from contaminated food and feed.

Keywords: aerobic de-epoxidation Citrobacter freundii, isolation, soil bacterium

trichothecenes

3.2.Introduction

Cereals are often contaminated with a variety of #pand typeB trichothecene
mycotoxns, produced by a number of toxigerfitisarium species (Placinta et al. 1999,
Binder et al. 2007, Foroud and Eudes 2009). Trichothecenes are tricyclic sesquiterpenes with
a double bond at the C9, 10 position and a C12, 13 epoxy group (Desjardins 2@06yoTh
types are distinguished by the presence of a ketone at position C8-, tygeéch is absent
in typeA (Yazar and Omurtag 2008). The tyBetoxin, deoxynivalenol (DON), is the most
frequently found mycotoxin in food and feed around the world (Laesah 2004, Desjardins
2006, Starkey et al. 2007). DifferelRtisariumspecies associated wifusariumhead blight
(FHB) or Gibberella ear rot (GER) disease of small grain cereals and maize are mainly
responsible for contaminating grains with DON anceotiypeA and typeB trichothecenes.
These can cause seriomycotoxicosisin humans, animals and plantsé no 1985, D6 Me
et al. 1999Bae and Pestka 20p8Common effects of DONC toxicity in animals include
diarrhea, vomiting, feed refusal, growthtasglation, immunosuppression, reduced ovarian
functions/reproductive disorders and even death (Pestka and Smolinski 2005, Pestka 2007).
DON enhances FHB disease severity in wheat raatze (Proctor et al. 1995Desjardins

1996,Maier et al. 2006).
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Reducton of mycotoxin levels in contaminated agricultural products remains a
challenging task. Current physical and chemical processes to decrease DON content are either
ineffective or prohibitively expensive (Kushiro 2008, He et al. )1Bowever, the use of
detoxifying microbes to biodegrade mycotoxins is an alternative @Awt al. 2010,
Karlovsky 2011). The toxicity of DON is mainly due to the epoxide, and there is a significant
reduction of DON toxicity (54%) when it is reduced to producespiexy DON. Redted
mycotoxins also show reductions in toxicity when they arepteidized, such as NIV (55%)
and T2 toxin (400%) (Swanson et al. 1988, Eriksen et al. 20B4gillus arbutinivorans
strain LS100 an@&ubacterialstrain BBSH 797, originating from chickémestine and rumen
fluid, respectively, are capable of cleaving the epoxide ring of DON under anaerobic
conditions and high temperature (37°C) (Fuchs et al. 2002, Yu et al. 2010). Strain BBSH 797,
which can despoxidizeDON, scirpentriol and P triol trichothecene mycotoxins, has been
used as an additive fgoultry and swine diets (Karlovsky 2011). However, there are no
reports of microbes able to -@poxidze DON and other trichothecenes under aerobic
conditions and at moderate temperatures.

To develop a effective method for eliminating DON and trichothecene mycotoxins
from contaminated grains, soils from fields with FHB/GER infected crops were screened for
DON deepoxidizingmicrobes fefer to chapter;2slam et al. 202). One soil sample yielded
a mixed microbial culturewas partially enriched for bacteria with DON -@poxidizing
activity (chapter 2) The current study describes the purification and characterization of a

novel DON deepoxidizingbacterium from this culture.
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3.3 Materials and methods
3.3.1. Microbial source

A mixed microbial culture originating from a screenmbre thanl50 separate soil
samples collected frormaizeand wheat fields near Guelph, Ontario, Canada (Islam et al.
2012) was used for enrichment, purification and charaza¢ion of the DON depoxidizing

bacterium.

3.32. Media and chemicals

The media used were: nutrient broth (NB), 1/10 strength NB (1/10 NB), minimal
medium (MM) consisting of six mineral salts (MS) + 10.0g per liter sucrose (Islam et al.
2012), MS + 0.5%Bacto Peptone (MSB), MS + 0.3% Bacto Peptone (MSC), MS + 0.5%
yeast extract (MSY), MS + 200 pg/mL DON (M30ON), sterile watersoluble soilextract
(SE) (Islam et al. 209)2potato dextrose broth (PDB) ahdria Bertani(LB). Prepared media
and media compeents were obtained from Fisher Scientific (Fair Lawn, New Jersey, USA),
SigmaAldrich (Oakville, ON, Canada) and/or Difco (Sparks, Maryland, USA). Media pH
was adjusted as required prior to autoclaving. For solid media preparation, 1.5 % agar was
added. N and all trichothecene mycotoxins were purchased from Biomin (Romer Lab

Union, MO, USA.

3.3.3.Isolation of the DON deepoxidizing bacterial strain
Aliquots (20 pL) of the microbial culture partially enriched for DONeg®xidizing
ability (Islam etal. 2022) was transferred to 0.5 mL MSB (pH 7.0) sterile 1.5 mL

Eppendorf tubes. After addition of 200 ug/mL pure DON, the culture was incubated at room
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temperature with continuous shaking at 28@olutionsper minute pm). Seven to ten days

later, 20uL of the culture was transferred to fresh MSB supplemented with 200 pg/mL DON.
The culture was then incubated for 7 to 10 days under the above conditions. This procedure
was repeated2 times.

After threemonths of repeated transfers in broth with pgdmL DON, 100 pL of the
culture was serially diluted in 0.9 mL MSB containing 0.5% Tween®20 (Sigma Aldrich) to
reduce bacterial cell aggregation (Mabagala 1997). The dilutions were vigorously shaken for
ten minutes. A 100 pL aliquot from each dilution wsgsead on MSB + agar (MSA). The
MSA plates were incubated at room temperature until single colonies appeared.

Single coloniesfrom plates were transferred tol mL MSB+ 50 pg/mL DONand
incubated at room temperature with continuous shaking at 18@mgen aerobic conditions
After threedays, the DONle-epoxidationability was examined by mixing an equal volume
of the bacterial culture and methanol and incubating for 30 min at room temperature to lyse
the cells. Insoluble materials in the mixture wemnoged by passing it through a 0.45 pym
Millipore filter (Whatman®, Florham Park, New Jersey, USA). The level e¢utxy DON
(dE-DON, also known as DOM) in the filtrate was determined by liquid chromatography
ultravioletmass spectrometry (1-OV-MS) (Guanet al. 2009).

Individual colonies that showede-epoxidation activity were serially diluted in
MSB+0.5% Tween®20, and plated onto MSA. Single colonies that appeared on the agar plate
were incubated in MSB as described above and retested ford@@poxidcation ability. To
ensure that pure cultures were obtained, this was repeated 10 times and individual colonies

were selected on MSA each time.
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3.34.Identification of a DON de-epoxidizing bacterium

Strain ADS47 with DONde-epoxidationability was obtainel from a single colony
after 10 serial transfersand wasgrown on MSA at room temperature under aerobic
conditions for 72 h. Colony color, shape, edge and elevation were observed. The cell
morphology of the bacterium was examined with a transmissiorr@egticroscope at the
University of Guelph, Guelph, Ontario, Canada. Whole bacterial cells were placed directly on
a formvar and carbeooated 208nesh copper grid. They were washed two times by touching
the grids to a drop of clean dBl, and the excess vest was blotted off. The samples were
negatively stained using 1% Uranyl Acetate (aq)fiice seconds. Electron microscopy was
performed on a Philips CM10 transmission electron microscope at 60kV under standard
operating conditions (Philips Optics, Eindtem, Netherlands). Gram staining was performed
using the procedure described in the commercial gram stain kit from BD Canada
(Mississauga, Ontario, Canada).

Total bacterial DNA was extracted usingdD&leasy Plant DNA Extraction Mini Kit
(Qiagen Inc.)The 16SrDNA was PCR amplified wusing the primers46f-
506gcytaacacatgcaagtcga3do (Kapygtgt gathadc adightt s C
(Zhao et al. 2007). PCR was performed in 25 pL containing 0.6 uM of each primer, 1x of
HotStarTag® Master Mix (Qiagen In@hd ~40 ng of DNA. The PCR cycles were: 95°C (15
min); 35 cycles of 94°C (20 s), 52°C (15 s), 72°C (1 min 30 s); and a 72°C (7 min) extension
step. Amplification was carried out in a GeneAmp® PCR System 9700 (Applied Biosystems).
PCR products were sequedcevith an automated ABI 3730 DNA analyzer (Applied
Biosystems). The 168RNA gene sequence similarity was performed by BlastN using the

Ribosomal Database Project (RDRtg://rdp.cme.msu.edu/segmaich/
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A phylogeretic tree was constructed by comparing the parti&IBNA sequence of
strain ADS47 with the 1known CitrobacterspeciegBornsteinandSchafer2006, Brenner et
al. 1993). TheCitrobacter strains wereC. freundii[FN997616, C. koseri[AF025372, C.
amalonaticus[AF025370], C. farmeri [AF025371], C. youngae[AB273741] C. braakii
[AF025368],C. werkmanii[AF025373],C. sedlakiijAF025364],C. rodentiumAF025363],
C. gillenii [AF025367] andC. murliniae[AF025369].Escherichiacoli O157:H7[AE005174]
was used as an out group strdihe analysis was performed using distance matrix with a gap
opening of 10.0 and a gap extension of 0.1 by a server based ClustalW2 program
(http://www.ebi.ac.uk/Tools/msa/clustalw2h dissimilarity tree was created andewed

using a TreeView X software (Page 1996).

3.3.5. Effects of DON concentration, aeration,substrate, temperature, pH andantibiotic

To determine if DON concentration can affect the growth of the isolated bacteria,
tubes containing mL of NB or MSBwith 20, 200 or 500 pg/mL of DON were inoculated
with strainADS47 that had been grown for 16 h with continuous shaking at 220 rpm and then
adjusted to cell density at 0.25 @m (10’ cells/mL). The cultures were incubated at 28°C
with continuous shakingt 180 rpm, and.5 mL was removed every 12 h to measure
ODesoonm The culture (0.5 mL) was then analysed for D@&epoxidationactivity by LC-
UV-MS (Guan et al. 2009), as described above. Three replicate cultures were tested.

To examine the effect of aaron,five mL of NB or MSB containing 50 pg/mL DON
were inoculated with an overnight culturestfainADS47, prepared as described above, and
incubated at 28e¢eC with continuous shaking at

six hours, and bacterial growth was determined by measuring cell densitysgh@Bt the
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same time points, culture samplgsre analysed for DON to dBON transformation ability
(Guan et al. 2009)The experiment was repeated with MSB medium containing 50 pg/mL
DON under anaerobic conditions as described by Islam et al. (2012) with DONRDONE
transformation ability being dermined every6 h. Three replicate cultures were prepared for
each assay.

The effect of substrate on DOMNeepoxidationability was tested after growing
ADS47 for 72 h in NB, 1/10 NB, MM, M®ON, MSB, MSC, MSY, SE, PDB or LB
containing 50 pg/mL DON. Fahis assay, the media were maintained at pH7.0+0.2 and 28°C
for 72 h. The effect of temperature was examined with MSB containing 50 pg/mL DON at 10,
15, 20, 25, 30, 35, 40, 45 or 50°C. The effect of pH on growsitrain ADS47 was examined
with MSB adjused to pH 5.5, 6.0, 6.5, 7.0, 7.5 or 8.0, and the cultures were incubated at 28°C
for 72 h. Three replicate cultures were used for each assay.

Overnight cultures of ADS47 in MSB were treated with 0.01% and 0.001% (w/v) of
an antibiotic sodium azide (SA) (§maAldrich). Controls were prepared in MSB without
SA. Three replicate cultures were spiked with 50 pg/mL DON. DON teDOR
transformation ability of the bacterial culture was analysed (Guan et al. 2009) after 72 h at

28°C with continuous shaking at 186m. Three replicate cultures were tested.

3.3.6. Localization of DON to dE-DON transformation ability in the bacterium

Bacterial cell extracts were prepared using’BR Il Bacterial Protein Extraction
Reagent foll owing t he(PlmM&eouTherrao Sciendfic, qReckfardn st r u
IL, USA). ADS47 was grown in 1.5 mL MSB for 48 h under the growth conditions described

above. A culture@.5 mL) was centrifuged at 5000 x g for 10 minutes, and the pellet was
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collected. BPER Il reagent (2 mL) was aeld to the pellet, and the cells were lysed by
pipetting the suspension up and down several times. The cell lysate was treated with 20 pL
Halt Protease Inhibitor Cocktail (Thermo Scientific, Rockford, IL, USA). Culture filtrate was
prepared by passing 0.5Lnof the culture through a 0.22 pm Millipore filter (Fisher
Scientific). The remaining 0.5 mL culture was used as control. Cell lysate, culture filtrate and
control were incubated with 50 pg/mL DON and incubated at 28°C. DON tD@KN
transformation abilit of the cell lysate, culture filtrate and control were analysed after 72 h

incubation (Guan et al. 2009). Three replicate cultures were tested.

3.3.7. Detoxification of additional trichothecene mycotoxins

Strain ADS47 was evaluated for its ability to cedp five typeA trichothecene
mycotoxins (HF2 toxin, T-2 toxin, T2triol, diacetoxyscirpenol and neosolaniol) and five
type-B trichothecene mycotoxins (nivalenol, verrucarol, fusarenon Xacedyt
deoxynivalenol and tacetytdeoxynivalenol)One and a &#f mL NB was addedvith 100
pg/mL of each mycotoxin and then inoculated with 100 pL of ADS47 culture grown
overnightas previously described. The culture of NB + mycotoxin + ADS47 was incubated at
28°C with continuous shaking at 180 rpm, and DON teDdBN transformation ability of the
culture was analysday LC-UV-MS (Guan et al. 2009). Five replicate cultures were tested for

each trichothecene mycotoxin.
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3.3.8. Statistical analysis

Data were processed using Microsoft Excel Program 2007. Statistalgsianwas
performed using General Linear Mod®locedure in SASersion 9.1 (SAS Institute, Cary,
NC, USA, 200203). Replications were averagedd stated as mean + standard error. The

mean differences were considered significamad.05 according tod k e -iASDstest.

74



34. Results
3.4.1.1solation and identification of a DON deepoxidizing bacterium

A DON deepoxidizing bacterium, designated strain ADS47, was isolated after 12
transfers over three months, from cultures growing in M8Btaining 200 pg/mL DON.
Strain ADS47 produced small to medium size, circular, convex and white colonies on MSA at
room temperature under aerobic conditions (Figile). The bacterium is rod shaped, and
1.50x 0.72 pum in size (Figure-3b). It hasnumerasflagella that cover the surface of the cell
(peritrichous flagella) and iGram-negative.

BlastN analysis of the 16NA sequence of strain ADS47 showélde most
similarity to the eleven knowrCitrobacter species in the gamma proteobacteria of the
Entaobacteriaceae. In particular the I@INA nucleotide sequence of ADS47 wasre
than99% identical taC. fruendii(Figure 32). The next most similar sequences were a cluster
of C. werkmaniiand C. murliniag followed by more distantly related. braakii, C. gilleni
and C. youngaeA separate cluster was formed 6y rodentium, C. farmeri, C. sedlakii, C.

koseriandC. amalonaticus
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(b)

Figure 3-1. (a) Colony color, shape and size of the mycotoxin degrading bacterial strain
ADS47 on mineral salts agéviISA) medium. (b) Transmission electron microscopic (TEM)
image of theCitrobacter freundiistrain ADS47. The bacterium showed multiple flagella

(peritrichous flagella) and numerous fimbriae around the cell surface.
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E.coliO157 H7

— C. amalonaticus

C. farmeri

C. koseri

C. sedlakii

C. rodentium

C. youngae

C. gillenii

— C. braakii

—__C. freundii.

— ADS47

C. werkmanii

— C. murliniae 0.01

Figure 3-2. Dendrogram baseoih 165-rDNA sequences for strain ADS47 and 11 reference
Citrobacter species An E. coliO157:H7 strainvas considered as an out group species. The
tree was constructed using a genetic distance matrix by ClustalW 2 and viewed by
TreeViewX softwareThedistancewas converted to scatamdshown by branch lengths (scale

bar 0.01whichindicatal the 165-rDNA nucleotide sequenaariability betweerthe bacterial
species GenBank accession numbers forSI®NA sequencesf the speciesused for

comparison aren®wnin materials anamethods sectio(3.3.4).
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3.4.2. Effects of DON concentrations on bacteriaDON de-epoxidation

Growth of ADS47, aerobically, in MSB with 20, 200 and 500 pg/mL DON was not
significantly different from that observed in control cultireithout DON (Figure3-3a).
Similarly, increasing DON concentrations did not affect bacterial growth in NB medium
(Figure 33b).

DON deepoxidation activity determined as pg/mL DON converted/cell density
(ODgog) was measured lowest in MSB+20 pg/mL DOMdahighest in MSB+ 500 pg/mL
DON containing cultures (Figure&). The highest rate of dBON formation was 11.5 pg/h
in ADS47 cultures in MSB with 500 pg/mL DON between 48 to 72 h. All of the DON was
converted in the cultures containing 20 pg/mL DON 200 pg/mL DON between 480 h
and 6072 h, respectivelyln 200 pg/mL and 500 pg/mL of DOMNultures,the rate of de

epoxidation increased significantly after 36 h.
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DON de-epoxydation activity
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Figure 3-3. Effects of DON concentration on bacteriabgth andde-epoxidationactivities

Strain ADS47 was grown in MSB and NB media with three different DON concentrations: 20
pg/mL, 200 pg/mL and 500 pg/mL. Control cultures were prepared without DON. Cultures
were grown at 28°C with continuous shaking & Ipm. (a) Microbial density (Qdgy nm In

MSB with different DON concentratierwas measured at 24, 36, 48, 60, 72 and 96 h. (b)
Microbial growth (ORgo nm) in NB having different DON concentratiamasmeasured at 24,

48, 72 and 96 h. (c) Bacterial DQdd-epoxidationactivity in 20, 200 and 500 pg/mL DON

containing cultures at different time poinBON de-epoxidationwas measured in pg/mL per

ODesoo nm Three replicate cultures for each assay were analysed.
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3.4.3. Influence of growth conditions and atibiotic on microbial DON de-epoxydation
Aerobicand anaerobic conditions

ADS47 grew more quicklyineraerobic conditionsinderMSB+50 pg/mL DON than
in MSB+50 pg/mL DON under anaerobic conditions (FigB@rda). Aerobic growth was
faster in NB+50 pg/mL DONompared to MSB+50 pg/mL DON.

However, the DON depoxidation activities, on a cell density basis, were very similar
in NB+50 pg/mL DON compared to MSB+50 pg/mL DON (Figureld. Also, DON de
epoxidation activity of ADS47 under aerobic conditions in MS8 pg/mL DON was higher

than in the same medium under anaerobic conditions (Figdipd. 3
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Figure 3-4. Bacterial growth and DONle-epoxidation capabilities under aerobic and
anaerobic conditions. (a) Microbial growth under aerobic conditioh43B and NB medium

and anaerobic conditions in MSB medium. (b) Microbial D@&epoxidationability under
aerobic conditions in MSB and NB media and anaerobic conditions in MSB medium.
Cultures media having 50 pg/mL DON were inoculated with overnighurmeulof strain
ADSA47. Initial microbial concentration in the cultures was adjusted to 0.25,6DCultures
were incubated at 28°@Baving three replication$Bacterial growth at Ofonmand DONde

epoxidationin pg/mL per ORoam Were measuredt sixhourinterval,
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Media, temperatureand pH

Growth of ADS47 in media containing 50 pg/mL DON under aerobic conditions at 72
h was thredold higher in NB and LB than in SEvo-fold higher than in 1/10 NB and MSC
and did not occur in M®ON (Figure 3-5a). Growth in MM, MSB and MSY was
intermediate.

Over the 72 h DON depoxidation per cell density was highest in MSB and MSY and
approximately 25% lower in NB and LB and lower by 75% and 87% in 1/10 NB and MSC,
respectively (Figure -5b). No DON deepoxidation was observed in MSON, in which
DON was used as a carbon souiactera grownin MM broth, which contains sucrose as a
sole carbon sourosereunable to deepoxidize DONNo DON deepoxidationwas observed
in SE and PDRyrown cultures

Growth of ADS47 under aebbic conditions for 72 h in MSB+50 pg/mL DON was
greatest between 28°C, but no growth occurred at 50°C (Figuresed. DON de
epoxidation activity was greatest and equivalent betweef020 and lower at 10, 15 and
45°CtemperatureéFigure 36b).

ADS47 growth under aerobic conditions for 72 h in MSB+50 pug/mL DON was
limited to neutral pHs (i.e., 6.07.5) (Figure 378). The transformation of DON to dBON
occurred at the same pH range, and DONepexidation activity was not significantly

different betveen pH 6.0 to 7.5 (Figure @).
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Figure 3-5. Effects of media on bacterigirowth andDON deepoxidationactivity. (a)
Microbial growth @t ODeoonm) On different culture media. Media pHs were adjusted to
7.0£0.2 (b) Bacterial DON to dEDON transformation in pg/mL by Ofonm in different

media after 72 h. Theultures havinghree replications were incubated for 72 h at 28°C and

% DON deepoxidation was measured. The Media: NB = nutrient broth, 1/NB = 1/10 strength
NB, MM = minimal medium, M&DON = six mineral salts + 200 pg/mL DON as sole C
source. MSB = six mineral salts + 0.5% bacto peptone, MSC = six mineral salts broth + 0.3%
bacto peptone, MSY = six mineral salts with 0.5% yeast extract, SE = soil extract, PDB =
potato dextrose broth andBL= Luria Bertani Means with the same label are not significantly

di fferent accordip<@03.0 Tukeyods HSD test (
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Figure 3-6. Effects of temperature on microbigdowth andDON deepoxydation capability.

(a) Microbial growth @t ODsoonm) at different temperatures after 72 h of incubatids). (
Bacteria DON deepoxidation in pg/mL by OByonm in different temperatures. The most
efficient temper at ur eepoxidatiog)ds marked Oy détdifesnThe D ON

experiment was conducted in MSB medium at pH 7.0%02 three replications
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Figure 3-7. Influence of pH on merobial growth andDON deepoxydation.(a) Microbial
growth (ODyoonm) i MSB at different pH. (b) Bacterial DON to -#@@oxyDON
transformation in pg/mL by Ofonm in different pH. Dot lines indicated the efficient-de
epoxidation (040 OgH narige. BxPement avasvcendustedoan 38°C

with three replications.
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Antibiotic

Treatment of ADS47 at 72 h in MSB+50 pg/mL DON with sodium azide (SA), at
0.001% and 0.01% reduced DON-@goxidation activity to 5% (2.5 pg/mL) and 0%,
respetively. The control with no SA added was able to-elgoxidize DON completely

(100%) (Figure 3B).
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40

% DON de-epoxydized

20
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Figure 3-8. Effects of sodium azide (SA)on bacterial DONde-epoxidation activity.
Microbial culture in MSB-50 pug/mL DON was treated with 0.01% (SAand 0.001% (SA
2) sodium azide. In control (C), no SA was added. The experiments with three replications
were incubated for 72 h at 28°C a#lDON de-epoxidationwas measuredy LC-UV-MS

method
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3.4.4. Localization of bacterial DON de-epoxidation
A cell lysateprepared frorADS47 grown for 48 h in MSB transformed 20% (10
pHg/mL) of DON added at 50 pg/mL to EON within 72 h (Figure3-9). In contrast, a cell

free culture filtrate did not show DOde-epoxidatiomactivity.
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Figure 3-9. Determination ofDON to de-epoxy DON transformation by bacterial culture
filtrate and cell extract. The treatments having three replications were spiked with 50 pg/mL
DON and incubated at 28°C for 721Ih.control, strain ADS47 was incubatedMSB broth

with 50 ug/mL DON DON de-epoxidationactivity in percentage was examined.
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3.4.5. Bacterial detoxification (de-epoxidtaion and de-acetylation) of other trichothecene
mycotoxins

Aerobic cultures of ADS47 grown for 72 h in NB+100 pg/mL-2Tonverted 74% of
the toxin to deepoxy HT2 toxin, and 26% to a dacetylated product (Figu®10 and Table
3-1).

In a culture treated with Fxin 46% was converted to -@poxy T2, 16% was
converted to an unknown compound and 38% was not converted. In ADS47 culture with
diacetoxyscipenol (DAS), 61% was transformed into-elegoxy DAS and 39% was de
acetylated DAS (39%). Neosolaniol (NEO) was transformed-epdey NEO (55%) and
de-acetylated NEO (45%). Fiol was transformed in to éepoxy T2triol (47%) and de
acetylated Tzriol (53%).

Aerobic cultures of ADS47 were also grown for 72 h in NB+100 pg/mL of one of five
type-B trichothecenes. For nivalenol (NIV), 92% wasepoxydized, while the remaining 8%
NIV was transformed to DON.-8cetytdeoxynivalenol (3ADON) was transformednto
three products, depoxy NIV (5%), deepoxy DON (54%) and DON (41%). For -15
acetyldeoxynivalenol (:ADON), 8% was transformed to apoxy 15ADON and 92% to
de-epoxy DON (dEDON). FusarenonX (FUS) had 95% transformed inteepexy FUS,
while 97% ofverrucarol (VER) was transformed to-dpoxy VER. The remaining 5% FUS

and 3% VER were not transformed.
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Figure 3-10. Determination of microbialle-epoxidationand deacetylation of HT2 toxin by
LC-UV-MS. Bacterial culture in NB was added with 100mg HT-2 toxin. Bacterial HF2

toxin transformation ability was examined aft& h of incubationat 28°C.The upper panel
illustrated mass spectrometry chromatograph of theace¢ylated (red peak)and de
epoxydizedblue peak)roducts Arrows indicatedhe targeted acetyl (red) and epoxy (blue)
functional groups of Hitoxin. The middle and lower panels showed the mass spectra of the
de-acetylated (dA) and depoxidized (dE) compoundarrows on the upper panel indicated
the targeted acetyl (red) and egofblue) functional groups of HZ toxin. Red and blue

arrows on the middle and lower panels pointed at the degradation sites2ofobdifi.
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Table 3-1. Microbial transformation of typ& and typeB tricthothecene mycotoxins after 72

h of incubation undererobic conditions at room temperature. DAS=diacetoxyscirpenol,

DON=deoxynivalenol,

FUS=FusarenonX,

15ADON=15acetytdeoxynivalenol.

3AONagetyldeoxynivalenol and

Trichothecene Untransformed Transformed products of
mycotoxin trichothecenes (%) trichoth ecenes (%)
De- De- Other?
epoxy | acetylate
HT-2 toxin 0 74 26 -
T-2 toxin 38 46 - 16
Type-A (unknown)
DAS 0 61 39 -
Neosolanol 0 55 45 -
T2-triol 0 47 53 -
DON 0 100 - -
Nivalenol 0 92 - 8 (DON)
TypeB 3-ADON 0 59 41 (DON)
15ADON 0 100 - -
FUS 5 95 - -
Varrucarol 3 97 - -

! Convertion of trichothecene mycotoxinseither DON oranunknown compound.
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3.5. Discussion

The ADSA47 strain ofC. freundii was isolated in the present study by a prolonged
incubation of a mixednicrobial culture with a high concentration DO8Ince he bacterium
efficiently deepoxdized (detoxified) DON and number of other trichothecene mycotoxins
under aerobic and anaerobic conditions at moderate temperatures and neufita¢ pbtal
procedurs for enichment and isolation of therain ADS47 is depicted in supplemeah
Figure S31. The reductivede-epoxidationactivity may be dueto a cytoplasmic enzyme,
which would be in agreement with a previous study that showdsgepoxidation of
epoxyalkaes was catalyzed by bacterial cytoplasmic flavoprotein (Westphal et al. 1998).
The ability of the currently isolated strain &. freundii to biodegrade environmental
pollutants, such as aminoaromatic acids and heavy metals (copper), is also likebgadneglia
cytoplasmic enzymes since these compounds need to be taken up by the cells before they are
metabolized (Savelieva et al. 2004, Sharma and Fulekar 20©9ontrast, oxidative
transformation of DON to-Beto DON by microbial extracellular enzyme Hseen reported
(Shima et al. 1997).

Isolation of a trichothecene @goxidizing microorganism from a mixed microbial
community isvery challenging Although trichothecenes are toxic to eukaryotes, prokaryotes
appear to be resistant to these mycotoxins €Hal. 1992, Rocha et al. 2005). The present
study showedhat the bacteria grew well in media with high concentrations of DON (500
pHg/mL). Bacterialde-epoxidationof DON involves the removal of an oxygen atom from the
functional epoxy ring of the tricyd DON structure (Yoshizawa et al. 1983). Such co
metabolic degradation does not provide the bacteria with any nutrients from the reacting

compounds (Horvath 1972, Fedorak and Grakadic 1991). This is supported by the results
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of the current study, whicshowed thastrainADS47 was unable to grow in media with DON

as a sole carbon source and increasing the concentration of DON did not increase ADS47
growth in MSB. Hence, DON could not be used as sole nutrient source in the mixed culture
enrichment proces

Many previous attempts to obtain DON -egoxidizing microbes have failed,
particularly under aerobic conditions, because media or laboratory conditions were
inappropriate to support growth or initially active cultures losepexidizingfunction afte
serial transfer (Karlovsky 2011).

Media composition appears to be a crucial factor for microbial trichothedene
epoxidation activity (Volkl et al. 2004). Effective biotransformation of trichothecene
mycotoxins by the fish digesta microbial culture Cb88urred in full media (FM) but a low
level of de-epoxidation occurred in media having a single nitrogen source and no
transformation activity was observed in the common bacterial medium, LB (Guan et al.
2009). Zhou et al. (2010) also showed that chitradetylation by soil bacterial strains
occurred more rapidly in yeast extract, compared to common bacterial media. Therefore, a
screening strategy for microbial DO#&-epoxidationability should use different media in
parallel, as was done in this study.

This study observed efficiede-epoxidationin common bacterial media (NB and LB)
as well as in mineral salts medium containing yeast extract (MSY) or 0.5 % Bacto Peptone
(MSB). However, reduction of Baci®eptone to 0.3% (MSC) significantly reduced the
bacterialde-epoxidationactivity, suggesting that the activity is sensitive to the availability of
protein and amino acids. The study found that medium cangasucrose as carbon source

(MM) and a commonly usednedium PDB blocked microbial DONle-epoxiddion, even
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thoughbacteria grew in those growth media. These suggest that media containing high sugar
contents had inhibitory effects on microb@gd-epoxidationenzymatic activity.Previously,

sugass have been found to haveegativeeffectson the production and/or activity of bacterial
enzynes(Saier and Roseman 1971)

Losses of microbial functions under laboratory conditions limited researchers to obtain
economically importaniicrobial genetic sources. The soil bor@eirtobacteriumsp. strain
1142 efficiently deepoxydized nivalenolput unfortunately, the stm lost its activity in
latter generations (Ueno et al. 1983). Instability deepoxidation activity of ADS47
observed in cultuegrown on agar media without DON, resultedtive loss ofDON de-
epoxidationactivity by more thar80% of the coloniegfter one generation. Howevestrain
ADSA47retainedde-epoxidationactivity after tensubculturesn MSB (data not shown).

The nonspecific de-epoxidationof DON made it impossible to use DON as a sole
substrate C source for selective isolation of ADS47. Tlhusumber of techniques were
utilized to select ADS47 and suppress other bacteneluding the use of a variety of
antibioticsand culture at elevated temperatures (Islam et al. 208electionof the isolate
ADS47 required repeated subculturing andl@nged exposure tomeda containing 200
pg/mL DON. After three months oelectionwith DON, culturethat was obtained had a
DON de-epoxidationactivity that wasup to30-fold higher than the mixed cultur@s growth
of ADS47 was not affected by 200 ug/nllON, the prolonged incubation may have reduced
populations of other bacteria that are more sensitive to DON. Enrichment and isolation of a
DON to 3keto DON transforming bacterial strain 89 by prolongd incubation of a soll

microbial culture with 200 g/'mL DON was reported by Shima et al. (1997).
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This study demonstrated that microbial D@ epoxidationoccurredmainly at the
stationary growth phasé DON degrading strain o€itrobacter may have gained energy
from DON by cemetabolic cleamge of theepoxy ring under less nutrient conditions
Microbial use of energy from emetabolic reaction has besunggestedby Chiu et al. (2005).
The rate ofde-epoxidationactivity increased when ADS47 grew at higher concentrations of
DON. Taken togetherl prolongd exposure thigh concentratiodON may have resulted in
nonDON metabolizing microbial populations declining BYON toxicity, while facilitated
the population of DON metabolizing bacteriloy providing energy

DON is a small molecule and is simply alsent by cells $ergentet al. 2006).
Microbial DON de-epoxidationoccurred in intact and lysed bacterial cells addition,
treating the ADS47 culture with SAvhich blocks gram negative bacterial electron transport
and activity,inhibited DONde-epoxidaton activity (Lichstein and Malcolm 194Frecinska
and Wilson 1981)implying that an active electron transport system required for micradsial
epoxidationreaction (He et al. 1992The data suggest that a cytoplasmic epoxy reductase is
involved in the BDN deepoxidation reaction in the ADS47 microbial strain that was isolated
in the present study.

Since agricultural commodities are often contaminated with multiple fungal
mycotoxins, the ability of bacteria, like ADS47, to degradaycotoxins by several
mechanismgnay be an advantagPe-acetylationmight be another mechanism of microbial
mycotoxin detoxificationsince toxicity of trichothecenes also relies on the acetyl functional
groups (Desjardins 2006%train ADS47 showed efficierte-epoxidationand de-acetylation
of several typeA and typeB trichothecene mycotoxins that are commonly detected in cereals

in associabn with DON. In conclusion, the sciborne grammegative bacteriunt. freundii
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strain ADS47 is capable of detoxifying trichothecene otgxins by bothde-epoxidationand
de-acetylation under aerobic and anaerobic conditions, neutral pH and a range of
temperatures. ADS47 has great potential to detoxify DON contaminated animal feed.
Furthermore, isolation of novddacterialde-epoxidationgenes might be used to generate
transgenic plants thatn detoxify DON in contaminated seedlternatively, contaminated
seedmight be treatedvith manufacturede-epoxidationenzyme(s). These applications can
improve the quality and safety of agriculturacommodities thatre prone tdrichothecene

mycotoxin contamination.
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Step 1: Screening of soll Obtained DON de-epoxidation capable microbial
samples culture obtained by analyzing soil samples collected
from cereal fields

Step 2: Optimization of Optimized the culture conditions, i.e. growth substrates,
cultural conditions temperatures, pH and oxygen requirements

Step 3. Elimination of Serially diluted active culture was grown on agar media. Collected
undesired microbial washed colonies having DON de-epoxidation activity

species \l/

Step 4. Removal of

) g Active culture was sequentially treated with different mode of actions
untargeted microbial

antibiotics, heating cultures at 50°C and subculturing on agar media

species \L

Step 5. High The partially enriched culture that retained DON de-epoxidation activity
concentration was incubated with 200 ug/mL DON in MSB media with continuous
DON enrichment shaking at 220 pg/mL for 7 d. The procedure was repeated 12 times

Step 6. Separation of | The enriched culture was serially diluted and treated dilutes with 0.5 %
bacterial cells and Tween 20. After vigorously vortex for ten min, aliquot cultures were spread
dilution plating on different agar media plates to produce single colonies

Step 7. Single Colonies were tested for their DON de-epoxidation ability. Purified
colony analysis the single colony via several times subculturing on agar medium

Supplemental Figure S3-1. Flow chart depictthe procedures of enrichment and isolation of
DON de-epoxidation bacterial strain ADS47. Stepl to 4 describe the optimization of

microbial DON to dEDON transformation activity and removal of undesired microbial
species. Step 5 to 7 shewhe culture enrichment by incubation with high concentration DON

and isohtion of the single strain ADS47.
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CHAPTER 4

4.0. CONSTRUCTION AND FUNCTIONAL SCREENING OF GENOMIC DNA
LIBRARY FOR ISOLATIO N OF DON DE-EPOXYDIZING GENE(S) FROM

CITROBACTERFREUNDII STRAIN ADS47

4.1. Abstract

Enzymaticactivity-based screening afgenonic DNA library is a robust strategy for
isolating novel microbial genesA genomicDNA library of a DON detoxifying bacterium
(Citrobacter freundiistrain ADS47)was constructed using copy control Fosmid vector
(pCC1FOSM) andE. coli EPI300T1R as hosstrain. A total of 125(. coliclones containing
large DNA inserts (~40 kb) were generated, which resultedbout 10-fold theoretical
coverage ofthe ADS47 genome. The efficiency OE. coli transformation with the
recombinant Fosmid vector was examirgdrestriction digestion of Fosmids extracted from
15 randonly selectedibrary clones The fragmentation patterns showed that all of the clones
contained an 8.1 kb Fosmid backbone and ~40 kb of insert DNA, except one that had a small
insert. This suggesthat a DNA library was prepared with expected DNA inserts. ddie
epoxidationability of the library was analysed by incubating cloned.umia Bertani(LB)
brothmediumsupplemented with 20 pg/mL DON with inducti@ioy addition of L-arabinosg
or without induction None of the 1000 clones showed DONeagmxidationactivity. The
potential DONde-epoxidationgene(s) of ADS4may not have beerexpressed irkE. coli or

might have been expressed hatkedadditional factors required for DO8e-epoxidation
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Keywords: DNA library, fosmid vector, functional library screening, DQl¢-epoxidation

activity.

4.2. Introduction

Microorganisms contain numerous valuable genes and biocatalysts, which may have
significant roles in agricultural productivity (Jube and Bekur 2007). Various techniques
have been used to isolate novel genes from different organisms, including transposon
mutagenesis (Frey et al. 1998, Tsuge et al. 2001), gene knockout (Winzeler et. al. 1999),
whole genome sequencing (Krause et al. 2006) peoative genomicsk(onin et al.2001)
andsuppression subtractive hybridization (Dai et al. 2010).

The genomic DNA library preparation and activitgsed screening of the library is a
relatively new technique, whichas been efficiently used for isolatiaf microbial novel
enzymes and compounds, such as lipases, proteases, oxidoreductases, antibiotic resistance
genes, membrane proteins and antibiotics (Henne et al. 2000, Gupta et al. 2002, Knietsch et
al. 2003, Gabor 2004, Suenaga et al. 2007, van [Esad. 2008). The strength of the
technique is that genes from microbial sources could be obtained without prior sequence
information, and not requiring culturing the organisms under laboratory conditions. Using this
technique, an unknown gene or a seggehes could be obtained by determining particular
phenotypes of the library clones. Eventually, the gene of interest from the positive clones is
isolated by using a forwarck.Q., mutation) or reverse genetics meth@@dy., subcloning the
positive clonesnto a microbial expression vecpfollowed by functional analysis of the

subclones.
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Although this strategy has been used effectively for isolating novel microbial genes,
several factors need to be considered in order for the method to be successéufadioes
include DNA quality, vector type e(g., plasmid, o©osmid, fosmid, lacterial artificial
chromosome etc.), vector copy number, and host st{@aniel 2005, Singh et al. 2009). The
Fosmid vectotbasedechnique has been used successfully to dbaceerialgenes, including
xenobiotics degradation genes, antifungal gene clusters and antibiotic resistance genes from
soil metagenomes (Hall 2004, Suenaga et al. 2007, Chung et al. 2008). This study reports the
construction and activitpased screening af Fosmid DNA libraryin anE. coli host with the
aim of isolatinga novel DONde-epoxidationgenefrom Citrobacter freundiistrain ADS47

(Chapter3).

4.3. Materials and method
4.3.1. Genomic DNA library construction

The genomic DNA library was preparading aCopy ControlFosmid Library
Production Kit (Epicentre Biotechnologies, Madison, Wisconsin, USA) following the

manufacturerodos instruktions as depicted in F
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Citrobacter freundiistrain ADS47 was grown iINB medium at 28°C with continuous
shaking at 220 rpm. The high molecular weight bacterial genomic DNA was extracted from
the overnight culture using the Gentra Puregene Yeast/Bacte(i@ikgen Inc., Mississauga,
Ontario, Canada). The purity of the DNA was confirmed by determiningdagat ~1.90 by
a NanoDrop spectrophotometer. A 5 puL sample having ~2.5 pg high molecular weight DNA
was sheared by passing through a-RQOpipette tipand achieved a sufficient amount of
DNA about40 kbinsi z e . B | u-phbspheryiaded thsert BNA was generated by
thoroughly mixing it with EneRepair Enzyme reagents on ice. The 20 pL mixture was
incubated for 45 min at room temperature, followsdifcubation at 70°C for 10 min to
inactivate the EndRepair Enzyme activity.

The treatedDNA was size fractionated by a Low Melting PeiPalsed Field Gel
Electrophoresis (LMHPFGE) on theclamped homogeneous electric fieldSHERDR I11)
system (BieRAD Laboratories) using 1% UltraPure Low Melting Point Agarose (Invitrogen).
The PFGE was conditioned according to manuf a
time-42 s, final switch tim&.61 s, run time 16 h 50 min, angl@0°, gradient6 V/cm,
temperaturel4°C, and running buffed.5% TBE. DNA size markerfor the 42 kb Fosmid
control DNA (Epicentre Biotechnologies) and low range Pulse Field Gel (PFG) markers (New
England Biolabs Inc.) were loaded adjacent to the DNA sample slots. After plextesis, a
portion of the gel that contained DNA size markers was cut off. The gel was stainédin S
Safe DNA gel stain (Invitrogen) for 30 min, visualized and marked on the 23, 42 and 48.5 kb
marker bands. A slice of PFGE gel containing 40 + 10 kbI3idA was cut off with a sterile
razor blade by comparing the marker sizes. DNA from the gel was recovered by digesting it

with GELase enzyme (@ 1 U/100 pL melted agarose) in 1X GELase Buffer, followed by a
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sodium acetatethanol precipitation. The DNA witthe desired size was stored at 4°C for
next dayo6s | i-rgaslyFosmid vector (pECLEMS0o ni n g

Ligation was performed in a 10 pL reaction mixture by thoroughly mixing 10X Fast
Link Ligation Buffer, 10mM ATP, 0.25 pg of ~40 kb insert DNA, 0.5 ggsmid Copy
Control Vector (pCC1FOS) (Figure-2) and 2 U Faskink DNA lipase The mixture was
incubated for 4 h at room temperature, preceded by inactivating the ligation reaction by
heating at 70°C for 15 min. The recombinant Fosmid vector was sto/2@°& for later use.

Ten pL of the ligated DNA was thawed on ice and transferred to dhavesd
MaxPlax Lambda Packaging Extract tube containing 25 pL extract. By pipetting several
times, the mixture was incubated at 30°C for lamda packaging. Afteof2phckaging, an
additional 25 pL packaging extract was added into the mixture and incubated for a further 2 h
at 30°C. The packaged phage particles were volumed to 0.5 mL by adding ~400 puL Phage
Dilution Buffer and 25 pL chloramphenicol.

Transformation s performed via transduction by mixing the packaged particles with
the overnight cultureé. coli EPI300T1R cells (1: 10 v/v ratio) in LB supplemented with 10
mM MgSQ, and 0.2% Maltose. Transformation was completed by incubation at 37°C for 1 h.
The trarsformed E. coli cells were spread on an LB agar plate containing 12.5 pg/mL
chloramphenicol. The plates were incubated overnight at 37°C. Colonies that appeared on the
plates were individually transferred to-@@ll microtiter plates having 200 pL LB mediu
supplemented with 10% glycerol and 12.5 pg/mL chloramphenicol. The microtiter plates
were incubated at 37°C for 24 h with continuous shaking at 180 rpm. The prepared library

clones were stored é&0°C for further analysis and functional screening.
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