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ABSTRACT 

 
DETOXIFICATION OF DEOXYNIVALENOL BY A SOIL BACTERIUM  

DEVOSIA MUTANS 17-2-E-8 
                       
                    
Jian Wei He Advisors: 
University of Guelph, 2015 Professor Greg J. Boland 

Professor Ting Zhou 
Professor Paul K. Sibley 

         

The mycotoxin deoxynivalenol (DON) remains an important challenge in many 

regions in the world. Microbial detoxification of DON represents a new approach to 

treating DON-contaminated grains. A bacterial isolate identified as Devosia mutans 17-2-

E-8, which showed a high similarity in 16sRNA gene sequence to the Devosia genus, was 

isolated from an alfalfa soil sample that was enriched for six weeks with Fusarium 

graminearum-infested corn. D. mutans 17-2-E-8 was capable of reducing DON 

concentration in liquid corn meal medium up to 100% after incubation at temperatures 

ranging from 15-37 ºC, and pH levels ranging from 6-8 for 48-72 h under aerobic 

conditions. The major transformation product was purified by high-speed countercurrent 

chromatography (HSCCC), and characterized as 3-epi-DON by liquid chromatography-

mass spectrometry (LC-MS) and nuclear magnetic resonance (NMR). A minor product, 

3-keto-DON, was also detected in the bacterial incubation medium. The cytotoxicity IC50 

values of 3-epi-DON and 3-keto-DON were, respectively, 357 and 3.03 times higher than 

that of DON based on an MTT bioassay assessing cell viability, and were, respectively, 

1181 and 4.54 times higher than that of DON based on a BrdU bioassay assessing DNA 

synthesis. Toxicological effects of 14-day oral exposure of the B6C3F1 mouse to DON 

and 3-epi-DON were also investigated. Overall, there were no statistically significant 

differences between the control and the 25 mg/kg bw/day or 100 mg/kg bw/day 3-epi-

DON treatments in body and organ weights, haematology and organ histopathology. 

However, in mice exposed to DON (2 mg/kg bw/day), white blood cell numbers and 

serum immunoglobulin levels were altered relative to controls, and lesions were observed 



  
 

 
 

in adrenals, thymus, stomach, spleen and colon. It was concluded that 3-epi-DON was at 

least 50 times less toxic than DON in the B6C3F1 mouse. The reduced toxicity was 

achieved through epimerization by the bacterial isolate, and provides a new DON 

detoxification pathway. Further investigation will assess practical applications for 

detoxification by epimerization in treating contaminated feed and food matrices.    

 

Keywords: Devosia, mutans, deoxynivalenol (DON), detoxification, epimerization, 3-epi-

deoxynivalenol (3-epi-DON), high-speed countercurrent chromatography (HSCCC), 

cytotoxicity, B6C3F1 mouse 
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YG Yeast+glucose (broth) 

ZEA Zearalenone 

3-ADON 3-acetyl-deoxynivalenol 

15-ADON 15-acetyl-deoxynivalenol 

3-epi-DON 3-epi-deoxynivalenol 

3-keto-DON 3-keto-deoxynivalenol  
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LITERATURE REVIEW 

 

1.1 General overview  

The research described in this thesis focuses on the isolation, identification and 

characterization of a soil bacterium, initially identified as strain 040408-1, which is able 

to transform deoxynivalenol (DON) to other chemicals under aerobic conditions. The 

effects of cultural conditions on DON transformation by this bacterium, and the effects of 

DON on the growth and function of the bacterium were studied. Chemical and 

toxicological characterizations of the DON-transformation products by the bacterial 

strain were also conducted. 

This research is a continuation of the research conducted during my Master of 

Science program. In this previous study (He, 2008), a novel soil enrichment method was 

developed to screen soil microorganisms that had DON-degradation activities. The 

method used corn meal, Fusarium graminearum culture, and DON produced by this plant 

pathogen to enrich the populations of soil microorganisms that were capable of 

transforming DON. One hundred and sixty-five agricultural soils and 57 enriched soils 

were screened for the ability to reduce DON concentration. Thirty-three of the 57 

enriched soils reduced the amount of DON and provided different DON transformation 

products. These DON transformations were biological, which was confirmed by evidence 

that the reduction of DON was absent in autoclaved soil suspension cultures. A novel 

chemical, Compound-1, was identified by liquid chromatography–mass spectrometry 

(LC-MS) and found particularly interesting. This chemical has the same ultraviolet (UV) 

absorption spectrum and MS fragments as a DON standard (He, 2008). It was considered 

that Compound-1 may have a molecular structure very close to that of DON and may be 

an isomer of DON. Isomers generally have different physiochemical properties and, 

therefore, can exhibit different biological activities, including toxicity (Reddy and 

Mehvar, 2004). The hypothesis is that DON can be transformed by a microorganism to 
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Compound-1, possibly a chemical less toxic than DON. This transformation can be 

considered as a detoxification process and may be used as a feed additive in industry to 

remove DON from contaminated feed.  Therefore, it is of interest to obtain the pure 

functioning microorganism to investigate its potential for commercial application. 

Chemical and toxicological characterizations of this bacterium’s DON-transformation 

products are also needed as they are an important part of hazard characterization prior to 

commercialization of an application that may generate these products.  

 

1.2 Introduction  

DON (also called vomitoxin, 3,7,15-trihydroxy-12,13-epoxytrichothec-9-en-8-

one) is a toxic secondary metabolite produced by several Fusarium species. It was first 

identified in F. roseum-infected barley in 1973 (Yoshizawa and Morooka, 1973). Its 

physiochemical properties were summarized in a chemical review prepared by the US 

National Toxicology Program (NTP, 2009). DON belongs to the trichothecene family 

(Cole and Cox, 1981). Figure 1.1 and Table 1.1 show the structures and abbreviations of 

trichothecenes discussed in this thesis.  
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Figure 1.1 The basic structure of trichothecenes (This graph was drawn using ChemDraw 
ActiveX/Plugin Viewer 11.0, CambridgeSoft Corporation.). 
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Table 1.1 Type A and type B trichothecenes and their respective structures. 

Mycotoxin R1
a R2

 a R3
 a R4

 a R5
 a 

Type A trichothecenes b 

T-2 toxin OH OAc OAc H -OCOCH2CH(CH3)2 

iso-T-2 toxin OAc OH OAc H -OCOCH2CH(CH3)2 

HT-2 toxin OH OH OAc H -OCOCH2CH(CH3)2 

T-2 triol OH OH OH H -OCOCH2CH(CH3)2 

T-2 tetraol OH OH OH H OH 

acetyl T-2 toxin OAc OAc OAc H -OCOCH2CH(CH3)2 

tetraol tetraacetate OAc OAc OAc H OAc 

3-hydroxy HT-2 toxin OH OH OAc H -OCOCH2COH(CH3)2 

3-glucuronyl-HT-2 toxin glucuronyl OH OAc H -OCOCH2CH(CH3)2 

neosolaniol  OH OAc OAc H OH 

verrucarol  H OH OH H H 

diacetoxyscirpentriol (DAS) OH OAc OAc H H 

15-acetoxyscirpentriol (MAS) OH OH OAc H H 

3-keto DAS =O OAc OAc H H 

scirpentriol OH OH OH H H 

β-epoxide DAS OH OAc OAc H H + epoxide at C9, 10 

Type B trichothecenes b 

deoxynivalenol (DON)  OH H OH OH =O 

3-acetyl-DON OAc H OH OH =O 

15-acetyl-DON OH H OAc OH =O 

nivalenol OH OH OH OH =O 

fusarenon  OH OAc OH OH =O 

a: “R” stands for “functional group”.  The positions of these functional groups are referred to in Figure 1.1.  
b: The type A trichothecenes do not contain a carbonyl function group at C-8 whereas the type B 
trichothecenes do. 
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Feed refusal, body weight loss and emesis are the most sensitive toxicological 

endpoints of DON, but immune effects are also sensitive endpoints. DON causes 

cytogenetic changes (chromosomal aberration), and reproductive and developmental 

effects. DON is not considered a carcinogen. A provisional maximum tolerable daily 

intake (PMTDI) of 1 μg/kg body weight (bw)/day was established by the World Health 

Organization (WHO) (JECFA, 2001; EC, 2002; NTP, 2009). In addition, DON 

toxicology has been extensively reviewed (Rotter et al., 1996; Bondy and Pestka, 2000; 

Pestka, 2010).  

Human exposure to DON occurs primarily from oral consumption of food 

prepared from DON-contaminated grains, or occupational inhalation exposure while 

handling DON-contaminated crops or grains. Human foods and animal feeds have high 

incidences of DON contamination based on survey data worldwide (Streit et al., 2013; 

Schatzmayr and Streit, 2013; Pereira et al., 2014). Contamination of grains with DON 

reduces grain value, creates a food safety risk, and has a negative impact on international 

food and feed trade (Wu, 2004). 

Many countries, including Canada, China, India, the United States, Russia, and 

the European Union, have set or advised maximum levels for DON in certain specified 

maize and cereal food commodities, ranging from 700 to 2000 μg/kg. For example, the 

European Commission (EC) established a tolerable daily intake (TDI) of 1 μg/kg bw/day 

(EC, 2002), and set maximum levels in 2006 (EC, 2006) which were amended in 2007 

(EC, 2007). Canada has not established regulatory limits for DON in food or feed 

commodities. The advisory limits for DON in uncleaned soft wheat for use in non-staple 

foods (2000 μg/kg) and baby food (1000 μg/kg) are currently under review (Health 

Canada, 2012). 

Control of the mycotoxin DON remains an important objective of food safety 

management in many regions in the world. Microbial detoxification of DON represents a 

new approach to treating DON-contaminated grains and may provide a practical and 

effective solution for treating DON-contaminated products. 

 

1.3 Occurrence and current management of DON 
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1.3.1 Occurrence of DON 

Selected Fusarium spp. can cause Fusarium head blight (FHB, scab) on cereal 

crops (i.e. wheat, barley, oat and rye), canary seed and forage grasses, as well as 

Gibberella ear rot on corn. For example, common species that cause FHB in North 

America include F. graminearum Schwabe (teleomorph: Gibberella zeae (Schwein.) 

Petch) (Nectriaceae), F. culmorum (Wm. G. Sm.) Sacc, F. avenaceum Cook and F. 

crookwellense Burgess, Nelson & Toussoun. F. graminearum and F. culmorum are 

considered the most important species in Canada because they have impact on yield and 

produce mycotoxins, such as zearalenone and trichothecenes. DON is one of the most 

common trichothecenes produced by these Fusarium species. These plant pathogens can 

produce DON in the field and post-harvest when conditions are favorable (Nelson et al., 

1993). For example, the range of water activity for optimal DON production was 0.950–

0.995. DON was produced more rapidly at 25 °C than at other temperatures tested; 

however, the maximum amount was detected at 30 °C with water activity of 0.995 

(Ramirez et al., 2006). 

The main sources of DON in human food and animal feed are contaminated 

wheat, barley and maize, as well as their processed products, e.g. breakfast cereals, 

bakery products, snack foods, beer, pet food and compound feeds made from small grains 

and maize (JECFA, 2001; Streit et al., 2013). Exposure to DON by consumption of milk, 

meat and eggs is considered relatively minor because bioaccumulation and carry-over in 

tissues of livestock and poultry that are fed with DON-contaminated feed, are not major 

exposure sources (Valenta and Dänicke, 2005; Seeling et al., 2006; Goyarts et al., 2007). 

Worldwide incidences of human food and animal feed contamination with DON 

are high (Bindaer et al., 2007; Pereira et al., 2014). For example, a seven-year survey 

(2004 - 2011) of animal feed and feed raw materials indicated that DON was detected in 

55% of samples obtained from central Europe, with an average concentration in positive 

samples of 1 mg/kg and a maximum of 50 mg/kg (Streit et al., 2013; Schatzmayr and 

Streit, 2013). DON was detected in 100% of the soy-based cereals (which usually contain 

corn) and 63% of all of the cereal-based samples collected from the Canadian retail 

marketplace over three years (Lombaert et al., 2003). A three-year survey showed that 

DON was the most frequently detected mycotoxin in breakfast cereals from the Canadian 
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retail market, with an incidence of 46% (Roscoe et al., 2008). Monitoring data of 

trichothecenes in Canadian cereal grain shipments from 2010 to 2012 showed that DON 

was the most frequently detected trichothecene, found in 76% of tested samples at 

concentrations up to 2.34 mg/kg (Tittlemier et al., 2013).  

 

1.3.2 Current management of DON  

DON-producing Fusarium spp. may infect crops and produce DON in food or 

feed commodities at every step in the supply chain. Therefore, two strategies have been 

applied to manage DON contamination in food commodities. One is to prevent DON 

production in infected crops by controlling the plant pathogens (Fusarium spp.), and the 

other is to detoxify DON that has been produced in infected crops. This information has 

been intensively reviewed in several publications (Scott, 1998; Awad et al., 2010; Jard et 

al., 2011; Karlovsky, 2011), as well as in my M.Sc. thesis (He, 2008) and publications 

that I participated in, e.g., a review of microbial transformation of trichothecenes (Zhou 

et al., 2008), a review of chemical and biological transformations for detoxification of 

trichothecene mycotoxins in human and animal food chains (He et al., 2010), a review of 

patented techniques for detoxification of mycotoxins in feeds and food matrices (He and 

Zhou, 2010) and a review of biological control of Fusarium head blight in Canada (He et 

al., 2013). 

Briefly, the current practices to reduce or contain DON production in the field 

include cultivation practices, breeding for disease resistance, chemical control using 

fungicides, and biological control using antagonists (He et al., 2013). Although these 

approaches may reduce DON production by Fusarium spp. in the field, it is still possible 

that the plant pathogens can continually produce DON in grains after harvest and in 

storage, when environmental conditions become favorable for DON production (Ramirez 

et al., 2006). Therefore, there is a need to decontaminate DON post-harvest by chemical, 

physical and biological means.   

Various physical (e.g. gravity and sieving separation, dehulling and washing 

procedures, and application of absorbents) and chemical techniques (e.g. treatments using 

ozone, sodium metabisulfite (Na2S2O5), and sodium hydroxide) have been shown to 

decontaminate DON in grains. Biological transformation using microorganisms may be 
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an additional approach to decontamination of DON (Karlovsky, 1999; Zhou et al., 2008).  

 

1.3.3 DON transformation reactions reported to date 

Many postharvest practices have been developed based on reactions that 

transform DON into less toxic product(s). Chemical and biological transformations of 

trichothecene mycotoxins include oxidation, reduction, alkalization, hydrolysis, hydration, 

conjugation and isomerization reactions (He et al., 2010). This thesis focused on 

reactions in biological transformation systems.  

 

1.3.3.1 Oxidation 

Oxidation-reduction reactions involve electron transfer between two molecules or 

molecular fragments. In an oxidation reaction, the oxidation number of a molecule, atom, 

or ion reduces by gaining electrons. When treated with aqueous periodate or freshly 

precipitated lead dioxide, DON was converted to DON lactone, a seven-membered ring 

lactone analogue (King et al., 1984). Oxidation of DON by sodium hypochlorite (NaClO) 

formed a C-9,10 epoxide and a C-8,15 hemiketal (Burrows and Szafraniec, 1986; 

Burrows and Szafraniec, 1987). When DON reacted with ozone, the oxidation most 

likely began at the C-9,10 double bond with addition of two atoms of oxygen, whereas 

the remainder of the molecule was not changed (Young et al., 2006). In addition, 

moisture and pH levels were considered as critical factors for transformation of DON by 

oxidation (Young, 1986; Young et al., 2006). Soil microorganisms transformed DON to 

3-keto-DON under aerobic conditions. The reaction involved a hydroformylation by 

oxidizing the hydroxyl group at the C-3 to a ketone functional group (Shima et al., 1997; 

Völkl et al., 2004; He, 2008). It was hypothesized that alcohol dehydrogenases might 

cooperate with cofactor NADH or NADPH for this transformation; however, further 

studies to confirm this mechanism were not reported (Völkl et al., 2004).  

 

1.3.3.2 Reduction 

In a reduction reaction, the oxidation number of a molecule, atom, or ion 

increases by losing electrons. For example, treatment of DON with sodium bisulfite 

(NaHSO3) and sodium metabisulfite (Na2S2O5) formed DON-sulfonate, a less toxic 
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chemical than DON (Young et al., 1986b; Dänicke et al., 2005). Deepoxidation is a 

specific reduction of the C-12,13 epoxy group of trichothecenes and is found in 

biological systems. In fact, this reaction was first reported in 1964 for verrucarol (VER), 

where VER was first reduced by LiAlH4 and then acetylated to form 12,13-deepoxy-

verrucarol diacetate (Gutzwiller et al., 1964). DON can be transformed into deepoxy 

DON (DOM-1) through deepoxidation under anaerobic and/or aerobic conditions, by 

selected microorganisms from ruminants, swine, poultry, fish and agricultural soils (see 

summary in Section 1.4). 

 

1.3.3.3 Alkalization 

Under alkaline conditions, DON can be transformed to different products. 

Chemical structure changes, such as opening of the 12,13-epoxy group, loss of C-15 as 

formaldehyde via a retroaldol rearrangement, or forming a lactone structure, have been 

observed (Young et al., 1986a; Bretz et al., 2005; Bretz et al., 2006). Treatment of DON 

with aqueous NaOH at 75 °C for 1 h produced three isomeric products, norDON A, 

norDON B and norDON C (Young et al., 1986a). Similarly, reaction with 3-acetyl-

deoxynivalenol (3-ADON) yielded these three products and four other products (Bretz et 

al., 2006). The products norDONA, norDON B and norDON C were less toxic than DON 

based on cytotoxicity tests (Bretz et al., 2005; Bretz et al., 2006). 

 

1.3.3.4 Hydrolysis 

Hydrolysis is a reaction in which chemical bonds are cleaved by the addition of 

water. Most trichothecenes contain one or more acetyl groups. The number and position 

of acetyl groups in addition to the C-12,13-epoxy group and C-9,10 double bond are 

important for the toxicity of trichothecenes (Betina, 1989). DON does not contain an 

acetyl group, but is a deacetylation product of other trichothecenes, for example, 3-

ADON or 15-acetyl-deoxynivalenol (15-ADON) (King et al., 1984; Young et al., 2007). 

 

1.3.3.5 Hydration 

Hydration is a reaction in which OH− and H+ ions are added to the two carbon 

atoms of a carbon-carbon double bond. This reaction requires a strong acidic condition in 



 

9 
 

a chemical transformation; however, a mild reaction condition will suffice in a biological 

transformation. For example, a strain of Aspergillus sp. isolated from soil used DON as 

the only carbon source and metabolized DON to a chemical whose molecular weight was 

18.1 more than DON. This transformation was proposed as a hydration reaction without 

characterization of the chemical structure or the toxicity of the transformation product 

(He et al., 2008).  

 

1.3.3.6 Conjugation by glycosidation 

A conjugation reaction produces a conjugate by joining of two or more chemicals. 

Conjugation forms of DON by glycosidation have been found to be glucuronides and 

glucosides. DON-glucuronide is a chemical in which the hydroxyl group at C-3 

(currently reported only at C-3) is linked with glucuronic acid through a glycosidic bond. 

Glucuronidation of mycotoxins is an important biochemical pathway in humans and 

animals (Corley et al., 1985; Roush et al., 1985a; Roush et al., 1985b; Gareis et al., 1986). 

The glucuronidation of DON was accomplished by microsomal glucuronyl transferase (or 

glucuronidase) from rat liver and the resulting DON-glucuronide was much less toxic 

than free-form DON (Wu et al., 2007). In comparison, DON glucosides are a group of 

chemicals in which the hydroxyl group at C-3 of DON (currently reported only at C-3) is 

bound to the anomeric carbon of glucose via a glycosidic bond. DON-3-glucoside has 

been isolated from corn, wheat and other food products, such as beer (Sewald et al., 1992; 

Berthiller et al., 2005; Lancova et al., 2008). Recently, DON-oligoglucosides with up to 

four bound hexose units were found in cereal-based products (Zachariasova et al., 2012).  

 

1.3.3.7 Isomerization 

Isomers are compounds that have the same molecular formula but are different in 

structural formulae, as well as usually different in biological activities, including toxicity. 

In a chemical reaction system, where DON (3,7,15-trihydroxy-12,13-epoxytrichothec-9-

en-8-one) reacted with acetic anhydride and pyridine, mixtures of the di- and tri-acetyl 

derivatives were yielded. The mechanism was proposed that: 1) DON acetylation formed 

triacetyl-DON (acetyl groups at C-4, 7, and 15); 2) a further refluxing with acetic 

anhydride produced isotriacetyl-DON (acetyl groups at C-4, 8, and 15); and then 3) 
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isotriacetyl-DON was hydrolyzed to form 3,8,15-trihydroxy-12,13-epoxytrichothecen-8-

en-7-one (iso-DON), an isomer of DON (Greenhalgh et al., 1984). Recently, 

epimerization of DON to 3-epi-DON in biotransformation by a soil microorganism was 

reported (Zhou and He, 2009), and confirmed by others (Ikunaga et al., 2011; Sato et al., 

2012; Ito et al., 2012). 3-epi-DON was the major and terminal transformation product 

identified in Zhou and He (2009); however, it was the intermediate product in other 

studies whereas the final transformation products were not characterized (Ikunaga et al., 

2011; Sato et al., 2012; Ito et al., 2012). Although 3-epi-DON was detected in these 

biotransformation systems, the mechanisms and reaction conditions of these 

epimerizations are likely different.  Further investigation is needed. 

 

1.4 Microbial transformation of DON 

1.4.1 DON-transforming microorganisms 

Aerobic and anaerobic microbial transformations have been studied.  

Microorganisms from ruminants, swine, poultry, fish, soil and agricultural commodities 

have shown DON transformation activities (Table 1.2). This information has been 

summarized and discussed in two published reviews (Zhou et al., 2008; He et al., 2010) 

and will not be repeated in this section.  

Under anaerobic conditions, DON-to-DOM-1 reduction has been consistently 

observed in transformations by microorganisms from cows (King et al., 1984; Côté et al., 

1986; Swanson et al., 1987b; He et al., 1992; Fuchs et al., 2002; ), swine (Kollarczik et 

al., 1994), poultry (He et al., 1992; Young et al., 2007; Yu et al., 2010) and fish (Guan et 

al., 2009). In addition, hydrolysis was also noted in several transformations. For example, 

a rumen fluid transformed 3-ADON to DON by deacetylation, and then to DOM-1 by 

deepoxidation reduction (King et al., 1984). Two bacterial isolates (LS100 and SS3) from 

chicken intestines transformed DON and eleven other trichothecenes into various 

products by deepoxidation and deacetylation (Young et al., 2007; Yu et al., 2010).  

Under aerobic conditions, microorganisms from soils and plants transformed 

DON by hydroxylation, oxidation, isomerization or reduction. Aspergillus tubingensis 

NJA-1, transformed DON into an unidentified chemical whose molecular weight was 

18.1 D greater than DON, assumed to be a hydroxylation reaction (He et al., 2008). DON 
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was oxidized to 3-keto DON by Agrobacterium-Rhizobium sp. E3-39 (Shima et al., 1997), 

a cultural mixture (Völkl et al., 2004) and Devosia sp. 17-2-E-8 (Zhou and He, 2009; 

Zhou and He, 2010). Devosia sp. 17-2-E-8 reduced DON concentrations and also formed 

3-epi-DON as the major product through epimerization (Zhou and He, 2009; Zhou and 

He, 2010). Recent studies showed that several strains of Nocardioides spp. and Devosia 

spp. formed 3-epi-DON as an intermediate product; however, other intermediate or 

terminal transformation products were not identified (Ikunaga et al., 2011; Sato et al., 

2012). A bacterial culture from a mixture of 165 agricultural soils transformed DON to 

DOM-1 under both aerobic and anaerobic conditions (Islam et al., 2012). Marmoricola 

sp. MIM116 that was selected from wheat heads reduced DON concentration (Ito et al., 

2012). 
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Table 1.2 Biological transformation of DON by microorganisms. 
 

Condition Transformation 
reaction 

Transformation 
product 

Microorganism Origin  Reference 

Anaerobic  

Acetylation 3-ADON Fusarium nivale Fungus Yoshizawa et al., 1975 

Reduction by 
deepoxidation 

DOM-1 

Rumen microorganisms (mixture) (Dairy) Cow 

King et al., 1984; Côté 
et al., 1986; Swanson et 
al. 1987a; 1987b; He et 
al., 1992 

Chicken gut microorganisms (mixture) Chicken He et al., 1992 

Pig gut microorganisms (mixture) Pig Kollarczik et al.,  1994 

A catfish digesta microbial culture (mixture)  Fish  Guan et al., 2009 

Bacterial strain BBSH 797 Rumen fluid Fuchs et al., 2002 

Ten isolates belonging to Clostridiales, 
Anaerofilum, Collinsella, and Bacillus genera  

Chicken 
digesta 

Young et al., 2007; Yu 
et al., 2010 

Aerobic 

Reduction by 
deepoxidation 

DOM-1 

A culture from a mixture of 165 agricultural soils, 
containing six bacterial genera (Serratia, 
Clostridium, Citrobacter, Enterococcus, 
Stenotrophomonas and Streptomyces) (mixture) 

Soil Islam et al., 2012 

Oxidation 3-keto-DON 

Agrobacterium-Rhizobium sp. E3-39 Soil Shima et al., 1997 

A culture D107 (mixture) 
Agricultural 
commodity 

Volkl et al., 2004 

Devosia sp. 17-2-E-8 Soil Zhou and He, 2009 

Hydroxylation Unidentified Aspergillus tubingensis NJA-1 Soil He et al., 2008 

Epimerization 3-epi-DON 

Devosia sp. 17-2-E-8 Soil Zhou and He, 2009  

Nocardioides sp. WSN05-2 Soil Ikunaga et al., 2011 

Nine Nocardioides spp. & five Devosia spp. Soil Sato et al., 2012 

Unidentified Unidentified Marmoricola sp. MIM116 Wheat Ito et al., 2012 
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1.4.2 Isolation of DON-transforming microorganisms 

Biological transformation of DON has been studied since the 1980’s. However, 

only a few pure cultures of microorganisms have been isolated to date (Shima et al., 1997; 

Fuchs et al., 2002; Young et al., 2007; Yu et al., 2010; Ikunaga et al., 2011; Sato et al., 

2012; Ito et al., 2012). Isolation of DON-transforming microorganisms has been 

challenging due to the following reasons related to growth and mechanism: 1) in the 

source material, the microbial community is diverse and each population is usually large 

(Fuchs et al., 2002; Yu et al., 2010); 2) growth or function of DON-transforming 

microorganisms may be suppressed by other co-existing microorganisms (Yu et al., 

2010); 3) common laboratory media or culture conditions may not be favorable for the 

growth or function of DON-transforming isolates (Fuchs et al., 2002; Yu et al., 2010); 4) 

false inactivation may mislead one to terminate the isolation, e.g. acids produced during 

DON-transformation inhibited the DON transformation to DOM-1 (He et al., 1992; Yu et 

al., 2010); 5) the transformation may be an induced activity and the activity may not be 

stable without the presence of mycotoxins or other critical reactants (Ikunaga et al., 2011; 

Sato et al., 2012; Ito et al., 2012); or 6) there may be more than one microorganism that 

contributes to the transformation as a result of co-metabolism (Sato et al., 2012). 

There are several potential approaches to the successful isolation of DON-

transforming microorganisms: 1) Suppression of non-functioning microorganisms, for 

example, to reduce the diversity of the microbial population and suppress other co-

existing microorganisms. For example, antibiotics were used before serial dilution to 

favour DON-transforming microorganisms (Young et al., 2007, Guan et al., 2009; Yu, et 

al., 2010; Islam et al., 2012). However, this approach may only select the DON-

transforming microorganisms that are also resistant to antibiotics. 2) Promotion of DON-

transforming microorganisms. For example, hypothesizing that a DON-transforming 

microorganism may be able to grow and function in a combined host-pest-mycotoxin 

environment, a soil enrichment with F. graminearum-infested corn was developed to 

discover DON-transforming microorganisms (He, 2008). Therefore, similar approaches 
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using media rich with host nutrients for isolation of microorganisms may be promising. 3) 

Maintenance of favorable reaction conditions. For example, DON-transformation 

activities were unstable in several studies, in which the reactions might be induced or 

certain reactants played critical roles in the transformation (He et al., 1992; Völkl et al., 

2004; Ito et al., 2012). DON was used as the only carbon source for the isolation of 

DON-transforming microorganisms (Shima et al., 1997; He et al., 2008; Ikunaga et al., 

2011; Sato et al., 2012; Ito et al., 2012). A neutral pH level was maintained to ensure a 

continued DON-transformation by chicken gut microorganisms (He et al., 1992; Young, 

et al., 2007; Yu et al., 2010). The application of co-metabolism of DON-transforming 

microorganisms may be limited because there are more factors that would affect the 

reaction, compared to a single microorganism transformation system. The principle of 

isolation is to control a dynamic system intended to promote the growth of the targeted 

microorganisms, suppress other microbial populations, and maintain a favourable 

reaction condition.   

 

1.5 Chemical analysis and separation of DON and its derivatives 

Many chemical and biological transformations of trichothecenes, including DON, 

have been studied. However, not all of these studies identified the transformation 

products or evaluated their toxicity, which may be due to a lack of suitable chemical 

analysis and separation techniques. Advanced analytical methods are considered as 

essential tools to probe the mechanisms of chemical and biological transformation of 

mycotoxins, and suitable isolation methods are required to produce large amounts of pure 

testing chemicals for toxicology studies.  

 

1.5.1 DON and its derivatives 

As described in Section 1.3.3, transformation products reported to date have 

included DON-sulfonate, DON lactone, norDON A, norDON B and norDON C, 3-

ADON, 15-ADON, diacetyl-DON, triacetyl-DON, iso-DON, 3-keto-DON, DOM-1, 

DON-3-glucuronide, DON-3-glucoside, and 3-epi-DON. However, the products are not 

necessarily limited to these chemicals.  
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It is noted that all these products maintained the basic trichothecene ring structure, 

a C-9,10 double bond, a carbonyl group at C-8, and the C-12,13 epoxide ring or double 

bond. The conjugation of the C-9,10 double bond and C-8 carbonyl provides unique UV 

absorption spectra with the maximum absorption wavelength at 218 nm (Cole and Cox, 

1981; Desjardins, 2006). If the DON signature structure remains unchanged, it is also 

reasonable to anticipate that similar mass spectrometry patterns can be detected, such as 

an ion fragmentation of [M+H], [M-H2O+H], [M-CH2O+H], [M-2H2O+H], [M-CH2O-

H2O+H], and [M-CH2O-2H2O+H] using atmospheric pressure chemical ionization (APCI) 

positive mode (M is molecular weight) (He, 2008). If the DON signature structure breaks, 

this fragmentation (pattern) may not occur. DON and its derivatives are expected to be 

similar but also different in physiochemical properties, such as polarity, solubility, and 

stabilities. These different properties can be the basis of analytical and separation 

methods for DON and its derivatives/degradation products. 

 

1.5.2 Analytical methods 

Analytical methods for mycotoxins, including DON, have been intensively 

reviewed (Krska et al., 2008; Ran et al., 2013; Pereira et al., 2014). A typical analytical 

method for collected samples includes extraction, clean-up, separation and detection steps. 

   

1.5.2.1 Solvent extraction and clean-up 

DON and its derivatives are polar or slightly polar and soluble in organic solvents, 

such as acetone, acetonitrile, chloroform, dichloromethane, ethyl acetate and methanol. 

Extraction efficacy can be improved by, for example: 1) adding water to increase 

penetration of organic solvent into the test material; 2) adding acids to break certain 

interactions between the mycotoxins and other components in the sample, such as 

proteins and sugars; 3) removing lipophilic components using non-polar solvents (e.g. n-

hexane) before extraction, and; 4) adjusting the ratio of sample-to-extraction solvent, 

proportion of each solvent in a solvent mixture, temperature and time of extraction (He, 

2008; Rahmani et al., 2009; Turner et al., 2009).  
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After extraction, a subsequent clean-up step is usually performed to reduce matrix 

effects. Immunoaffinity columns (IAC), solid-phase extraction (SPE) columns, and 

multifunctional columns (MFC) are commonly-used commercial clean-up columns for 

DON and other mycotoxins (Ran, et al., 2013; Pereira et al., 2014).  

Recently, a combination of a micro-scale extraction and a dispersive-SPE clean-

up (called a quick, easy, cheap, effective, rugged and safe (QuEChERS) method) has 

been successfully used to analyze DON, 15-ADON, and DON-3-glucoside (Sospedra et 

al., 2010; Cunha and Fernandes, 2010; Ferreira et al., 2012; Rubert et al. 2012).  

 

1.5.2.2 Separation and detection 

For semi-quantitative analysis, thin layer chromatography (TLC) and enzyme-

linked immunosorbent assay (ELISA) are commonly used to screen for DON in food and 

feed commodities. These methods are simple, rapid, low cost and suitable for large 

sample size analysis (Ran et al., 2013; Pereira et al., 2014). However, these methods can 

only estimate the concentration of DON, but not transformation products, which makes 

them unsuitable for research whose interest is to probe DON transformation mechanisms. 

Gas chromatography (GC) and liquid chromatography (LC) techniques are widely 

used for qualitative and quantitative determination of DON and its derivatives. GC is 

used to detect analytes that can be vaporized without decomposition. The common 

detectors for GC are flame ionization detection (FID), electron capture detection (ECD), 

fluorescence detection (FLD) and mass spectrometry (MS) (Langseth and Rundberget, 

1998). GC usually requires a derivatization step to reduce the boiling point of non-

volatile molecules, as well as improve the stability of heat-labile molecules. This extra 

step may make GC less popular than LC. LC separations coupled with ultraviolet–visible 

absorption (UV-Vis), MS, refractive index and/or FLD detections have been developed 

for routine LC analysis of DON (Young et al., 2007; He, 2008; Krska et al., 2008; Ran et 

al., 2013; Pereira et al., 2014).  

 

1.5.3 Purification methods 

DON derivatives may be structurally similar to DON and have similar 

physiochemical properties. For this reason, purification methods for DON may be 
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referenced. Low-pressure liquid chromatography followed by further purification steps 

were developed for purification of gram quantities of DON. DON (3,7,15-trihydroxy-

12,l3-epoxytrichothec-9-ene-8-one) and the related metabolite 3,15-dihydroxy-12,13-

epoxytrichothec-9-ene-8-one were isolated using a TLC pre-purification and then 

preparative liquid chromatography (prep-LC) on a reverse-phase C8 column (Bennett et 

al., 1981). A separation method using a silica gel column followed by recrystallization 

was developed to purify DON from rice medium inoculated with F. graminearum and 

from field-inoculated corn (Scott et al., 1984; Witt et al., 1985; Clifford et al., 2003). The 

above-mentioned methods required repeated partitioning with organic solvents, a 

defatting step, additional purification by washing with water, or conversion of acetyl-

DON to DON by hydrolysis (Bennett et al., 1981; Scott et al., 1984; Witt et al., 1985; 

Clifford et al., 2003). To increase the separation efficiency, a high-speed counter-current 

chromatography (HSCCC) method was developed to purify DON from F. graminearum 

rice culture and mouldy corn, which was a one-step procedure and gave higher recovery 

compared to other conventional column chromatographic techniques (He et al., 2007).  

 

1.5.4 Characterization of DON and its derivatives 

For structure characterization of mycotoxins, ultraviolet–visible absorption (UV-

Vis), infrared spectroscopy, mass spectrometry (MS), and nuclear magnetic resonance 

spectroscopy (NMR) data are commonly used. Techniques of UV-Vis, IR and NMR are 

based on a chemical having different interactions with electromagnetic fields of different 

electromagnetic spectrum regions (e.g. UV of 190-400 nm, Vis of 400-800 nm, IR of 

800-50,000 nm, and NMR of 60–1000 MHz (5-0.3 m)). In addition, chemicals with 

different functional groups and/or array patterns present different radiation absorbance 

patterns (e.g. profile and intensity). MS detects the different paths of charged particles 

under an electric field. In MS, a chemical can be cleaved into several smaller charged 

fragments by high-energy electrons. These charged particles are accelerated differently 

by an electric field and then separated based on their specific mass-to-charge (m/z) values. 

The pattern of the MS fragmentation can be used to estimate chemical structure, such as 

functional groups and their connection. All these techniques have been applied to identify 

DON derivatives, such as iso-DON (Greenhalgh et al., 1984), DOM-1 (Yoshizawa et al., 
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1984), 3-keto-DON (Shima et al., 1997), a synthesized stable isotope labeled 3-acetyl-

deoxynivalenol (3-d3-ADON) (Bretz et al., 2005), a synthesized DON-3-β-D-O-

glucuronide (Fruhmann et al., 2012), and 3-epi-DON (Zhou and He, 2009; Ikunaga et al., 

2011).  

 

1.6 Toxicology of DON and its derivatives   

DON toxicology data have been reviewed by the Joint FAO/WHO Expert 

Committee on Food Additives (JECFA, 2001), the European Commission Scientific 

Committee on Food (EC, 1999; EC, 2002) and the National Toxicology Program (NTP, 

2009). DON toxicity and mechanisms of action were also intensively reviewed (Pestka 

and Smolinski, 2005; Pestka, 2007; Pestka, 2008; Pestka, 2010). This section is a brief 

summary of toxicology studies on DON that are relevant to toxicology evaluation using 

in vitro cell lines and the mouse model.  

 

1.6.1 Toxicokinetics  

DON is rapidly distributed after absorption, partially metabolized (by the animal 

itself and/or microorganisms in the digestive system), and then excreted through faeces 

and urine. Concentrations of DON bioaccumulated in tissues are low.  

 

1.6.1.1 Absorption, distribution, metabolism, and excretion 

DON was significantly absorbed in swine and mice, but not in ruminant or poultry 

species. For example, up to 82% of orally-administered DON was rapidly absorbed in 

swine (Prelusky et al., 1988), whereas, less than 1% of dose was systemically absorbed in 

cows (Côté et al., 1986a). In male Sprague-Dawley rats that were administered a single 

dose via gavage, the highest levels of DON (0.37% of dose) were detected in the plasma 

at 8 h (NTP, 2009). 

DON was widely distributed in tissues of treated animals. For example, in swine, 

DON levels in plasma reached a maximum within 15–30 min of dosing, with a half-life 

of 3.9 h (Prelusky et al., 1988; Prelusky and Trenholm, 1991). After one oral 

administration of DON to male B6C3F1 mice, DON was detected in plasma, liver, spleen, 

heart and brain from 5 min up to 24 h (Pestka et al., 2008).  
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DON was metabolized to several, less toxic, chemicals in animal systems. DON-

glucuronide was identified as the major metabolite in urine of rats (Meky et al., 2003). 

DON, β-glucuronide conjugated DON, DOM-1 and conjugated DOM-1 were detected in 

urine and faeces of ruminant species (Côté et al., 1986a; Prelusky et al., 1986b).  

DON and its metabolites do not typically bio-accumulate in tissues and are 

excreted through faeces and urine. Clearance of DON in male B6C3F1 mice followed a 

two-compartment model with half-lives of 20 min and 12 h (Pestka et al., 2008). The 

concentrations of DON in eggs, milk and tissues was low and these commodities are not 

considered as major dietary exposure sources (El Banna et al., 1983; Prelusky et al., 

1986a; Kubena et al., 1987; Valenta and Dänicke, 2004; Seeling et al., 2006; Goyarts et 

al., 2007). 

 

1.6.1.2 Toxicokinetics in different species  

Factors affecting toxic responses of animals usually include species (genetic 

background), age, sex, environmental conditions and toxicokinetics. Different animals 

may respond differently when they are exposed to DON even through the same route, at 

the same dose level, and for the same exposure duration.  

Differences in DON absorption may partially explain the differences in toxicity. 

In swine that were dosed intragastricly, DON was rapidly absorbed up to 82% and 

reached its peak concentration in plasma within 15-30 min (Prelusky et al., 1988). The 

absorption rate of DON was higher in swine than in other animals (Côté et al., 1986a; 

Pestka et al., 2008; NTP, 2009). Many toxicology studies have shown that swine is the 

animal most sensitive to DON and a dose as low as 0.05 mg/kg bw caused emesis 

(Forsyth et al., 1977; Pestka et al., 1987; Prelusky and Trenholm, 1993). 

In addition to metabolism, microflora in animal digestive systems are believed to 

play an important role in detoxification of DON. Monogastric animals such as swine, 

rodents, cats and dogs are more sensitive to DON than ruminants and poultry. Chicken 

intestinal and ruminant microorganisms transformed DON to a less toxic chemical, 

DOM-1 (He et al., 1992). In ruminants, feed is fermented and possibly DON is 

transformed into DOM-1 in the rumen, reticulum, omasum and abomasum before 

entering the duodenum and small intestine. Microorganisms obtained from chicken caeca 
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transform DON into DOM-1 (He et al., 1992; Yu et al., 2011). Both ruminants and 

poultry are tolerant to DON (King et al., 1984; Côté et al., 1986; Swanson et al. 1987a; 

1987b; He et al., 1992). However, it should be noted that in ruminant animals, the four 

rumen-specific stomachs are located before the main nutrient absorption organ, i.e. the 

small intestine;  whereas in poultry, the caeca are located after the small intestine and are 

at the end of the digestive system. Part of DON can be transformed to DOM-1 before 

passing through the membrane of the small intestine and then being metabolized in 

ruminant animals, whereas it is not the case in poultry. Therefore, other mechanisms may 

also be involved in tolerance to DON in poultry, and further studies are needed.     

   

1.6.2 Toxicology of DON 

1.6.2.1 In vitro cytotoxicity 

In vitro cytotoxic effects of DON have been assessed using a variety of animal 

and human cell lines (NTP, 2009; Abbas et al., 2013). For example, the DON 

concentrations causing half-maximal inhibition of cell proliferation (inhibitory 

concentration, IC50) in NIH3T3, KA31T, H4TG and MDCK cells were 775, 607, 959, 

and 629 nmol/L, respectively (Abbas et al., 2013). The bioassays assessing metabolic 

activity (cleavage of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTT) 

and DNA synthesis (incorporation of 5-bromo-2'-deoxyuridine; BrdU) are commonly 

used to evaluate cytotoxicities of DON and other structurally-related trichothecenes 

(Eriksen et al., 2004; Calvert et al., 2005; Kouadio et al., 2005). The MTT bioassay is 

applied to assess cell viability on the basis of the capability of viable cells to convert the 

soluble MTT (yellow) to purple formazan crystals. The dehydroxylation reaction is 

catalyzed by mitochondrial enzymes, thus, metabolic activity is assessed (Calvert et al., 

2005; Kouadio et al., 2005). The BrdU bioassay is another widely used assay, which is a 

colorimetric immunoassay for quantification of cell proliferation on the basis of BrdU 

incorporation during DNA synthesis. For example, the BrdU bioassay was applied to 

compare DON, 3-ADON, 15-ADON, DOM-1, NIV, 4-ANIV and deepoxy-NIV 

cytotoxicity using Swiss mouse 3T3 fibroblasts.  The IC50 of DON was ~444 ng/mL, 

which was 52-55 times more potent than DOM-1 (Eriksen et al., 2004).  
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1.6.2.2 In vivo toxicity 

General acute symptoms of poisoning with DON are feed refusal, abdominal 

distress, diarrhea, nausea, haemorrhage, emesis and/or death.  Extremely high doses can 

result in shock-like death, intestinal hemorrhage, and necrosis in lymphoid tissues, 

intestinal tract, bone marrow, kidney and heart (Pestka, 2005). These symptoms can vary 

among species but, in general, DON concentrations above 27 mg/kg bw are required to 

cause mortality or marked tissue injury. Compared to other trichothecenes, such as T-2 

toxin (acute oral lethal dose to 50% (LD50) = 5-10 mg/kg bw in rodents), DON was much 

less acutely toxic (acute oral LD50 = 43-78 mg/kg bw) (Pestka, 2005).  

Subchronic and chronic exposure of experimental animals to DON causes 

reduction in body weight gain, food intake and nutritional efficiency. A dose level as low 

as 0.05 mg/kg bw by intraperitoneal (Forsyth et al., 1977; Pestka et al., 1987), oral (in 

feed) (Pestka et al., 1987) or cannula (Prelusky and Trenholm, 1993) treatment can 

induce emesis in swine, which is the most sensitive species to DON-induced emesis. For 

emesis, no observed adverse effect levels (NOAELs) ranged from 0.02-0.075 mg/kg 

bw/day and lowest observed adverse effect levels (LOAELs) ranged from 0.05-0.1 mg/kg 

bw/day. Growth was also a sensitive endpoint (NOAELs=0.03-0.12 mg/kg bw/day in 

swine; NOAELs=0.1-0.15 mg/kg bw/day in other monogastric species). Poultry and 

ruminants are less sensitive to DON-induced growth inhibition than swine and rodents 

(JECFA, 2001; NTP, 2009; Pestka and Smolinski, 2005; Pestka, 2007; Pestka, 2010).  

Immune responses may be dysregulated by DON.  Low DON doses may enhance 

or reduce expression of cytokines and, thus, disrupt normal immune functions in a 

positive or negative manner. High doses can induce apoptosis in lymphoid tissues, which 

results in pronounced immunosuppression. The general effects are summarized below: 1) 

DON causes altered host resistance and humoral and cell-mediated responses (Tryphonas 

et al., 1984; Tryphonas et al., 1986; Pestka et al., 1987b; Robbana-Barnat et al., 1988; 

Rotter et al., 1994; Sugita-Konishi et al., 1998); 2) Levels of serum IgA, IgM and IgG 

can be altered by DON (Forsell et al., 1986; Greene et al., 1994; Iverson et al., 1995); 3) 

IgA-associated nephropathy has also been observed following exposure to DON (Dong et 

al., 1991; Pestka et al., 1989; Dong and Pestka, 1993); 4) DON has also been shown to 

induce cytokine expression and, therefore, may cause positive or negative effects on 
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immune functions (Zhou et al., 1997; Zhou et al., 1998; Pestka and Smolinski, 2005), and; 

5) DON also causes apoptosis in lymphoid tissues (Arnold et al., 1986a; Robbana-Barnat 

et al., 1988; Yang et al., 2000; Islam et al., 2002; Islam et al., 2003). For immune effects, 

NOAELs of 0.4-1 mg/kg bw/day and LOAELs of 0.4-6.25 mg/kg bw/day in mice; and a 

LOAEL of 0.12 mg/kg bw/day in swine were derived (JECFA, 2001). 

DON has been reported to have reproductive and developmental effects. NOAELs 

for rat reproductive and developmental toxicity ranged from 0.025-0.2 mg/kg bw/day 

(JECFA, 2001). 

DON has been shown to cause certain types of cytogenotoxic effects. The JECFA 

(2001) concluded that DON did not cause gene mutations in vitro, but chromosomal 

aberration in vitro and in vivo. Since then, new studies were published which concluded 

that DON caused cytogenetic damage (including sister chromatid exchange), but not 

Salmonella bacterial reverse mutation, DNA damage (e.g. strand breaks, unscheduled 

DNA synthesis) or mammalian cell gene mutation (NTP, 2009). 

The International Agency for Research on Cancer (IARC) concluded that "there is 

inadequate evidence in experimental animals for the carcinogenicity of deoxynivalenol." 

DON was considered as a Group 3 chemical, "not classifiable as to its carcinogenicity to 

humans" (IARC, 1993). To date, this conclusion remains unchanged. 

In summary, toxicological symptoms of DON exposure can be characterized as 

body weight loss, feed refusal, diarrhea and emesis. Immune effects are also sensitive 

endpoints. DON can also cause cytogenetic changes (chromosomal aberration), and 

reproductive and developmental effects. The carcinogenicity of DON to humans remains 

inconclusive. Among these toxicological effects, emetic response in swine is the most 

sensitive endpoint. However, most swine studies used diets naturally-contaminated with 

DON, but also contained other mycotoxins, whereas, mouse studies generally used 

defined DON diets, and the findings and mechanisms have been intensively evaluated 

(JECFA, 2001). The JECFA established a PMTDI of 1 μg/kg bw/day based on the 

NOAEL of 0.1 mg/kg bw/day (for reduced weight gain due to feed refusal) derived from 

a 2-year chronic dietary study in mice, with application of an uncertainty factor of 100; as 

well as giving consideration to the most sensitive toxicological effects, emesis and 

reduced body weight gain, in swine.  
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1.6.3 Mechanism of DON toxicity  

1.6.3.1 General mechanisms for DON-modulated immune dysregulation 

The mechanism of DON toxicity is commonly accepted as a ribotoxic stress 

response (Pestka and Smolinski, 2005; Pestka, 2010). DON binds to eukaryotic 

ribosomes and inhibits protein synthesis, and can alter cell signaling, such as activating 

mitogen-activated protein kinases (MAPKs), which are important transducers of 

downstream signaling events related to immune response and apoptosis (Iordanov et al. 

1997; Laskin et al. 2002; Pan et al., 2013). Leukocytes are also targets, with 

macrophages, monocytes, B- and T-cells all being impacted. Double-stranded RNA-

activated protein kinase (PKR) and hematopoetic cell kinase (Hck) are identified as two 

important transductors to upstream MAPK activation (Bae and Pestka, 2010; Zhou et al., 

2003; Zhou et al., 2005). DON causes immune dysregulation, depending on dose, timing, 

exposure frequency and functional immunological endpoints (Bondy and Pestka, 2000). 

For example, low dose DON exposure upregulates expression of cytokines, chemokines 

and inflammatory genes, and stimulates immune responses. High dose DON exposure 

induces leukocyte apoptosis and immune suppression (Pestka, 2008). In addition, DON-

induced MAPK activation may be mediated by reactive oxygen, which may also be 

called oxygen-stressed response (Yang et al., 2000; Mishra et al., 2014).  

 

1.6.3.2 Neuroendocrine effects 

Altering neuroendocrine signaling may be the mechanism by which DON induces 

food refusal and emesis. Evidence shows that emesis and food refusal can be mediated 

through the peripheral and central nervous systems (Fioramonti et al., 1993; Prelusky, 

1993; Prelusky, 1994; Pestka, 2010). Neurotransmitter 5-HT mediates emesis, appetite, 

GI functions and nausea (Endo et al., 2000). Gut satiety hormones, peptide YY3–36 

(PYY3–36) and cholecystokinin (CCK) can induce satiety and reduce gastric emptying 

(Ballantyne, 2006; Steinert et al., 2013). Therefore, these mediators are popular study 

subjects to probe the underlying mechanisms of these neuroendocrine effects.  

Emesis  

DON-induced emesis is considered a neuronal-network coordinated integration of 
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hormones, neurotransmitters, visceral afferent neurons and/or the central nervous system 

(Prelusky and Trenholm, 1993; Pestka, 2010; Wu et al., 2013). Emesis may be explained 

by, but is not limited to, the following two mechanisms: 1) emetic stimuli induce 

production and release of emetic mediators from the enterochromaffin cells in the 

gastrointestinal (GI) tract. Emetic mediators bind to receptors on vagal afferent terminals, 

which transmit emetic stimuli to nucleus tractus solitaries and, thus, activate the central 

pattern generator to cause emesis; and 2) emetic stimuli can also induce production of 

emetic mediators in the central nervous system. Emetic mediators act with corresponding 

receptors in the area postrema of the medulla, activate the central pattern generator and, 

thereby, invoke vomiting (Hornby, 2001).  

After DON administration, increased plasma concentrations of 5-HT and PYY3–36 

have been observed (Wu et al., 2013). In addition, administration of antagonists to 5-HT 

or PYY3–36 suppressed DON-induced emesis in pigs (Prelusky and Trenholm, 1993) and 

minks (Wu et al., 2013). Therefore, it was concluded that 5-HT and PYY3–36 play 

important roles in DON-induced emesis (Wu et al., 2013).  

Although 5-HT is mainly produced by enterochromaffin cells in GI tract, it can 

also be produced in the central nervous system (Kim and Camilleri, 2000). Although 

PYY3–36 is mainly released from L cells in the mucosa of GI tract, it can also be produced 

in the hindbrain (Gelegen et al., 2012). DON was detected in the brain of mice within 5 

min after oral administration, and both 5-HT and PYY3–36 were found in neurons (Pestka 

et al., 2008). Therefore, it is also possible that DON-induced 5-HT and PYY3–36 directly 

act with corresponding receptors in the area postrema or central pattern generator to 

cause vomiting (Wu et al., 2013).  

Food refusal and reduced body weight gain 

Similar to emesis, appetite also has peripheral and central mechanisms (Schwartz, 

2006; Girardet et al., 2011; Wu et al., 2014). One mechanism is that DON acts in a 

paracrine fashion. After DON administration to mice, increase in plasma concentrations 

of CCK and PYY3–36, anorexia and reduced food intake were observed (Flannery et al., 

2012; Wu et al., 2014). CCK and/or PYY3–36 binds to corresponding receptors on 

abdominal vagal afferents, which relays to the hypothalamus and, thus, causes anorexia 

(Reidelberger et al., 2004). In addition, CCK may also act on spinal afferent nerves of the 
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intestinal tract (Brow et al., 2011). The significance of CCK and PYY3–36 to DON-

induced anorexia and reduced food intake may vary, depending on the administration 

method. For example, PYY3–36 was the major contributor to anorexia when the animals 

were given DON by i.p injection (Flannery et al., 2012); whereas, CCK was the major 

contributor to anorexia when oral administration was used (Wu et al., 2014). Considering 

that CCK mainly localizes in the upper, and PYY3–36 in the lower GI tract, different 

exposure routes may affect the relative distribution of these two hormones in the gut, 

which may explain the different observations in these two studies (Flannery et al., 2012; 

Wu et al., 2014). 

The other mechanism is that DON can induce anorexia by directly acting on the 

central nervous system (Girardet et al., 2011). The central nervous system 

homeostatically controls food intake and body weight (Morton et al., 2006). DON 

induces anorexia and reduces food intake by affecting satiety (meal frequency) and 

satiation (meal size). DON activates neurons in central pathways and increases 

anorexigenic molecules in hypothalamic neurons in mice (Girardet et al., 2011). The 

hypothalamus and brainstem are involved in DON-induced anorexigenic effects on pigs 

(Gaige et al., 2013).        

  

1.6.4 Toxicology of DON derivatives  

Human exposure data were available to study exposure levels and DON 

metabolite profiles in general populations, women and pregnant women in certain 

countries, including  the United Kingdom, France, Austria, Belgium, Sweden, China, and 

South Africa. The metabolite profiles were varied. Some studies detected one or more of 

the following metabolites, i.e. DOM-1, DON-3-glucuronide and DON-15-glucuronide 

(Turner et al., 2011; Warth et al., 2012; Boevre et al., 2013; Shephard et al., 2013).   

The LD50 of 3-ADON in mouse was 34 mg/kg bw for oral exposure and ranged 

from 47-79 mg/kg bw for i.p. injection (Yoshizawa and Morooka, 1974). Similarly, the 

oral LD50 of 15-ADON in the B6C3F1 mouse was 34 mg/kg bw (Forsell et al., 1987) and 

for i.p. injection was 113 mg/kg bw (NTP, 2009). A BrdU incorporation assay assessing 

DNA-synthesis showed that DOM-1 and deepoxy NIV were 55 and 54 times less toxic 

than DON and NIV, respectively (Eriksen et al., 2004). Deepoxy T-2 toxin (synthesized) 
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was 400 times less toxic than T-2 toxin in rat skin irritation (Swanson et al., 1988). 

Immunosuppression from 3-keto-DON was lower than that for DON by 90%, based on 

effects on mitogen-induced and mitogen-free proliferation of mouse spleen lymphocytes 

(Shima et al., 1997). Toxicity of DON-3-glucuronide was evaluated using a 

methylthiazoltetrazolium (MTS) cell viability assay with human erythroleukemia cell line 

K562. The IC50 of DON was 1.31 µM, whereas DON-3-glucuronide did not cause 

significant cytotoxicity effects up to a concentration of 270 µM (Wu et al., 2007). 

Polarity of DON and its derivatives have a wide range of log P values, DON (- 0.97), 

DOM-1 (-0.35), 3-ADON (-0.53), 15-ADON (-0.53), DON-3-G (-2.74), and DON-15-

GA (-5.75). The different polarity and chemical sizes result in varied absorption 

(transport into cells), which may partially explain toxicity differences among these 

chemicals (Maresca, 2013). 

Although the above in vitro data demonstrated that DON derivatives were 

generally less toxic than their parent chemicals, in vivo toxicology studies on DON 

derivatives are limited. For example, there is only one mouse study currently available 

for 15-ADON. Groups of 10 weanling female B6C3F1 mice were fed diets containing 15-

ADON at a concentration of 0.5-25 mg/kg, equivalent to 0.07- 3.5 mg/kg bw/day for 56 

days. Decreased body-weight gain was observed at doses above 0.7 mg/kg bw/day, and 

the weights of the spleen and kidney were decreased (Pestka et al., 1986). There is a need 

to conduct toxicology studies to investigate effects of DON derivatives on animals and, 

thus, probe structure-activity relationships, i.e. the relationship between the chemical 

structure and its toxicity.   

 

1.7 Effects of culture conditions and environmental factors that influence DON 

transformation by microorganisms    

To study microbial transformation of DON, microorganisms from different 

sources were summarized (Table 1.2). It is noted that factors (e.g. aerobic/anaerobic 

condition, medium, temperature, pH and time) affecting the growth of, and DON-

transformation by, these microorganisms vary greatly depending on the microorganisms 

and their origins. Therefore, it is necessary to study these factors for further evaluation of 
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the efficacy of microbial transformations of DON and their potential application in 

industry.  

Strict anaerobic conditions are required for DON transformation by 

microorganisms isolated from animal digestive systems, whereas either aerobic or 

anaerobic conditions may work for soil DON-transforming microorganisms. A rumen 

fluid culture transformed 1500 mg DON to 340 mg DOM-1 after an anaerobic incubation 

at 37 °C for 6 days with pH maintained at 6.8 (Côté et al., 1986). A culture from a 

mixture of 165 agricultural soils, containing six bacterial genera (Citrobacter, 

Clostridium, Enterococcus, Serratia, Stenotrophomonas and Streptomyces), transformed 

DON to DOM-1 under both aerobic and aerobic conditions in a temperature range of 12-

40 °C and a pH range of 6.0-7.5 (Islam et al., 2012). 

The efficacy of a mycotoxin transformation reaction can be increased by 

improving culture conditions. For a reduction reaction, a reducing culture environment is 

an advantage. Reducing agent was added in a medium to enhance the reduction 

(deepoxydation) of the 12,13-epoxy group of trichothecenes by Eubacterium 

casseliflavus DSM11798. In addition to chemical reducing agents, anaerobic 

microorganisms were also used to assist reduction reactions, for example Bacillus spp., E. 

casseliflavus DSM11799, Lactobacillus spp., Lactococcus spp. and Streptococcus spp. 

(Binder and Binder, 1999, 2004, 2008). Similarly, an anaerobic reduction culture 

condition favored the reduction of zearalenone and related keto-compounds (McMullen, 

1997). 

Some DON-transforming microorganisms are capable of utilizing the mycotoxin 

as the only carbon source. A Gram-negative bacterium, Agrobacterium-Rhizobium sp. 

E3-39, was isolated from a soil culture that was enriched with a mineral medium 

containing DON as the only carbon source (Shima et al., 1997). Aspergillus tubingensis, 

NJA-1, selected from soil by culturing in inorganic salt medium containing DON as the 

only carbon source, was able to transform DON into an unidentified chemical whose 

molecular weight was 18.1 D greater than DON, assumed to be a hydroxylation reaction 

(He et al., 2008). Nocardioides sp. WSN05-2, a Gram-positive bacterium, was isolated 

from a wheat field sample by culturing three times in a mineral medium containing DON 

as the only carbon source at 28 °C for 5 days. This characteristic was also found in 
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fusaric acid and fumonisin-transforming microorganisms (Toyoda and Utsumi, 1991; 

Duvick et al., 1998) 

Some unique DON-transformation mechanisms, such as co-metabolism and 

induction, have been observed. For example, several non-DON-utilizing Devosia spp. 

were selected along with DON-utilizing Nocardioides spp. by an enrichment method 

using DON as the only carbon source. Both Nocardioides spp. and Devosia spp. strains 

formed 3-epi-DON as an intermediate product; however, their transformation product 

profiles were different (Zhou and He, 2009; Sato et al., 2012). Other intermediate or 

terminal transformation products were not identified. Regarding the characterization of 

strains of Devosia spp., neither the growth on DON nor DON-transformation activity of 

the Gram-negative Devosia sp. RS1 was promoted by DON (Sato et al., 2012). The 

accidental selection of strains of Devosia spp. by the enrichment method in this study was 

attributed to the occurrence of a possible microbial consortia, more than one microbial 

group living symbiotically. Other than this, mycotoxins may act as an inducer in a 

transformation reaction. For example, fumonisin B1, alkali-hydrolyzed fumonisin B1, 

sodium tricarballylate, sodium citrate, sucrose and glucose were suitable carbon sources 

for the growth of Exophiala spinifera ATCC 74269. However, fumonisin B1 hydrolase 

activity was only detected in the culture medium containing fumonisin B1 or alkali-

hydrolyzed fumonisin B1 as a carbon source (Toyada and Utsumi, 1991). However, an 

induced mycotoxin-transformation activity may be lost easily. For example, Ito et al. 

(2012) indicated a challenge in obtaining DON-degrading bacteria from wheat spikes that 

were inoculated into liquid mineral medium containing DON. More than 30 cultures were 

prepared; however, cultures with stable DON-degrading activity were not obtained by 

this enrichment method (Sato et al., 2012). 

Initial cell concentrations and active growth affect the efficiency of microbial 

mycotoxin transformation. Increased reaction efficiency can be achieved by increased 

cell concentrations (Sato et al., 2012) or exposure to cell-free enzyme(s) (Shima et al., 

1997). Mycotoxins may be introduced into the fermentation system prior to inoculation, 

or at any time during the growth of the detoxifying microorganism. For example, 

Aspergillus quadrilineatus, Candida lipolytica, Chaetomium globosum, Penicillium 

frequentans, Penicillium rubrum, Rhodotorula rubra and Syncephalastrum elegans were 
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capable of transforming zearalenone and related compounds. The preferable timing to 

add these compounds was after the microorganism grew in a nutrient medium for 16-30 h 

(preferably 22-26 h) and a substantial cell concentration had been reached. The reduction 

is due to an intracellular enzyme(s). Doubling the cell concentration resulted in a 20% or 

more reduction of concentrations of these chemicals (Duvick and Rood, 2001).  

 

1.8 Summary 

DON is a toxic secondary metabolite produced by certain plant pathogenic 

Fusarium species. Grain contamination with DON reduces grain value, creates a food 

safety risk, and has a negative impact on international food and feed trade. Management 

of DON remains an important challenge in many regions in the world. Microbial 

detoxification of DON represents a new approach to treating DON-contaminated grains 

and may provide a practical and effective solution for treating DON-contaminated 

products.   

Enriched soils transformed DON into different DON transformation products, 

which were found to have biological activity. One of the DON transformation products 

was particularly interesting, as this chemical has the same UV-Vis absorption profile and 

MS fragments of DON (He, 2008). It was hypothesized that this product was an isomer 

of DON and has different physiochemical properties and biological activities. Therefore, 

it is of great interest to obtain the pure functioning microorganism to further evaluate the 

detoxification, as well as any potential future industrial applications.  

An enrichment approach can be used to continually isolate target microorganisms 

(He, 2008).  Creating a favorable culture conditions for growth and function may enlarge 

the population(s) of the DON-transforming microorganism(s) and, thus, increase the 

possibility of isolation for testing and evaluation purposes.  

Chemical and toxicological characterizations of DON-transformation products are 

needed as these are an important part of hazard characterization prior to 

commercialization of an application that may generate these products. Analysis methods 

using HPLC-UV/Vis and MS were developed for DON and DON derivatives (He, 2008). 

Purification techniques using HSCCC, prep-LC and low pressure LC for DON 

purification, and chemical structure characterization using MS and NMR can also be 
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referenced for DON derivatives (He et al., 2007; He et al., 2009). Toxicity of DON has 

been intensively studied and there are considerable amounts of in vitro and in vivo data 

available for toxicity comparisons of DON derivatives (transformation products).  

If the DON-transformation products are found to be less toxic than DON based on 

the toxicological evaluation, the selected DON-transforming microorganisms are 

considered to have potential in industrial applications. Culture conditions and 

environmental factors have been found to greatly influence microbial transformation of 

DON and other mycotoxins. Therefore, a study on the optimum culture conditions for 

DON-transforming microorganisms will be useful for future applications.    

 

1.9 Thesis objectives 

The objectives of this thesis were: 

1. To isolate and identify DON-transforming microorganism(s) from enriched 

agricultural soils; 

2. To characterize the chemical structure(s) of products resulting from DON-

transformation by the selected microorganism(s); 

3. To evaluate the toxicity of the identified DON-transformation product(s); 

4. To study the effects of culture conditions and environmental factors that influence 

DON transformation by the selected microorganism(s). 
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ISOLATION AND IDENTIFICATION OF A NOVEL DEOXYNIVALENOL-

TRANSFORMING BACTERIUM DEVOSIA MUTANS 17-2-E-8 

 

2.1 Abstract 

 

A Gram-negative, non-spore-forming, oval or rod-shaped, motile with 1–4 polar 

flagella, aerobic bacterium (17-2-E-8) was isolated from an alfalfa soil that was enriched 

with Fusarium graminearum-infested mouldy corn. The bacterium 17-2-E-8 is capable of 

transforming deoxynivalenol into Compound-1 in corn meal broth. Bacterial colonies are 

circular, raised and transparent to white-colored with smooth edges. Major fatty acids 

supported the affiliation of this bacterium to the genus Devosia. On the basis of 16S 

rRNA gene sequence similarity, the bacterium 17-2-E-8 was confirmed to belong to the 

Devosia genus. The results of genotypic and phenotypic tests distinguished strain 17-2-E-

8 from the sixteen validly-published Devosia species. Strain 17-2-E-8, therefore, 

represents a new species, for which the name Devosia mutans is proposed, with the type 

strain 17-2-E-8 (=IDAC 040408-1 = ATCC PTA-121309).  

 

Keywords: Devosia, mutans, deoxynivalenol, vomitoxin, DON, alfalfa soil  

 CHAPTER 2 
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2.2 Introduction 

Fusarium head blight (FHB, scab) is a fungal disease on small grain cereals. FHB 

and Gibberella ear rot on corn are two common crop diseases in Canada and cause 

negative economic impact (Windels, 2000). The most prevalent causal agent is the fungus 

Fusarium graminearum Schwabe (teleomorph: Gibberella zeae (Schwein. Petch). 

Several other species of Fusarium can also cause FHB in North America, such as F. 

culmorum (Wm. G. Sm.) Sacc, F. avenaceum Cook and F. crookwellense Burgess, 

Nelson & Toussoun (Clear and Patrick, 2010). F. graminearum and F. culmorum not 

only cause serious crop damage but also produce mycotoxins, which pose food safety 

risks (Nelson et al., 1993; Pereira et al., 2014). Deoxynivalenol (DON or vomitoxin) is 

the most frequently detected Fusarium mycotoxin in human foods and animal feeds 

worldwide (JECFA, 2001; Pereira et al., 2014). The toxicological effects most 

characteristic of DON are feed refusal, body weight loss and emesis, but DON can also 

cause immune, reproductive and developmental effects (JECFA, 2001). Therefore, the 

Joint FAO/WHO Expert Committee on Food Additives (JECFA) established a 

provisional maximum tolerable daily intake (PMTDI) of 1 μg/kg bw/day in 2001, and 

many countries have set or advised maximum levels for DON in certain food and feed 

commodities, ranging from 0.7 to 2 mg/kg (JECFA, 2001).  

Control of DON is a global challenge due its widespread occurrence in 

agricultural commodities and its toxicity to animals and humans. The current practice to 

reduce or contain DON contamination focuses mainly on the prevention of DON 

production in the field (pre-harvest). Post-harvest approaches, such as various physical, 

chemical and biological decontamination techniques, have been developed to reduce the 

concentration of DON in affected grains (Scott, 1998; Karlovsky, 1999; Zhou et al., 2008; 

Awad et al., 2010; He et al., 2010; Jard et al., 2011; Karlovsky, 2012). Microbiological 

transformation has potential to be developed as a specific, efficient and environmentally-

acceptable method for decontamination or detoxification of DON.   

DON was transformed to deepoxy-DON (DOM-1) by anaerobic microorganisms 

from ruminants, poultry, swine and fish (King et al., 1984; He et al., 1992; Kollarczik et 

al., 1994; Fuchs et al., 2002; Guan et al., 2009; Yu et al., 2010). Under aerobic 

conditions, a soil-borne Aspergillus tubingensis NJA-1 transformed DON into an 
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unidentified chemical whose molecular weight was 18.1 D greater than DON (He et al., 

2008). An Agrobacterium-Rhizobium sp. E3-39 (Shima et al., 1997) and a mixture of soil 

microorganisms (Völkl et al., 2004) transformed DON to 3-keto-DON, which is the only 

identified transformation product of DON under aerobic conditions. In a previous study 

(He, 2008), several agricultural soils that were enriched with F. graminearum ̶ infested 

mouldy corn biologically reduced DON concentrations and produced different 

transformation products under aerobic conditions. An alfalfa soil showed particularly 

high activity in reducing DON concentrations. One of the DON-transformation products 

(Compound-1) had an ultraviolet–visible absorption (UV-Vis) spectrum and mass 

spectrometry (MS) fragments identical to the DON standard and, therefore, was proposed 

as an isomer of DON. Isomers usually have different physiochemical properties and 

biological activities, including reduced/increased toxicity (Reddy and Mehvar, 2004). A 

possible reduction in toxicity of Compound-1 prompted our group to obtain a pure 

functioning microorganism for further evaluation of the detoxification and potential 

industrial application. Therefore, the objective of this study was to isolate and identify 

aerobic microorganisms capable of transforming DON to Compound-1 from an alfalfa 

soil that was enriched with F. graminearum ̶ infested mouldy corn. 

 

2.3 Materials and methods 

2.3.1 Chemicals 

Glucose, sucrose, dextrose, xylose, (NH4)2SO4, K2HPO4, MgSO4, K2SO4, FeSO4, 

and MnSO4 were purchased from Sigma–Aldrich (Oakville, Canada). DON used in the 

biotransformation assays was purified from F. graminearum rice culture using high speed 

counter current chromatography (HSCCC) (He et al., 2007). DIFCO potato dextrose agar 

(PDA), tryptic soy broth (TSB), tryptic soy broth agar (TSA) and nutrient broth (NB) 

were purchased from Fisher Scientific (Ottawa, ON, Canada). Corn meal broth (CMB): 

40 g corn meal was soaked in 1 L water at 58 ºC for 4 h, allowed to stand for 2 h, and 

then filtered through a Whatman No. 1 filter paper (Whatman; Maidstone, Kent, UK). To 

1 L of the filtrate was added 3 g (NH4)2SO4, 1 g K2HPO4, 0.5 g MgSO4, 0.5 g K2SO4, 

0.01 g FeSO4, 0.007 g MnSO4, and 5 g yeast extract. Corn meal agar (CMA): CMB was 

supplemented with agar to a final concentration of 1.5%. DON used in the 
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biotransformation assays was purified from F. graminearum rice culture using high speed 

counter current chromatography (He et al., 2007).  

 

2.3.2 Isolation of DON-reducing microorganisms 

A DON-transforming alfalfa soil culture (#17-2-E; the soil sample was collected 

in 2006 and labeled as #17) was identified during my M.Sc. research. This soil reduced 

DON concentration in CMB by 94.8%, and produced Compound-1 as one of the 

transformation products (He, 2008). Therefore, this soil culture (#17-2-E) was selected as 

a source for isolation of DON-transforming microorganisms.  

Soil culture (#17-2-E) was serially diluted up to 10-10 using CMB medium. Three 

parameters were examined: 1) reduction of DON concentration, 2) production of  

Compound-1, and 3) populations of microorganisms. For tests of reduction of DON 

concentrations, 100 µL solution from each serial dilution was sub-cultured with DON 

(100 µL of 1000 µg/mL DON standard) in 800 µL CMB at 28 °C on a rotary shaker at 

200 rpm for 72 h. Cultures were analyzed as described below. For tests of population of 

microorganisms, 100 µL solution from each serial dilution was plated on a CMA plate 

and incubated at 28 °C. After 48-72 h incubation, the number of bacterial colony-forming 

units (CFU) was counted. These two results were combined for each serial dilution. The 

serial dilution showing the lowest population of microorganisms exhibiting reduction of 

DON-concentration was identified and another serial dilution was made. Each of these 

serial dilutions was sub-cultured and tested for reduction of DON concentrations as 

described above. 

The same procedure was repeated eight times. Single colonies were picked from 

the agar plate corresponding to the highest dilution that still showed reduction of DON 

concentration. These colonies were sub-cultured in CMB and their activities were 

evaluated using the methods described below. 

 

2.3.3 Extraction of DON from culture and liquid chromatography (LC) analysis 

To each 500 µL culture, 500 µL methanol was added. The mixture was allowed to 

stand for 2 h and filtered through a 0.45 µm polyvinylidine fluoride (PVDF) syringe filter 

(Whatman; Maidstone, Kent, UK) before being analyzed by HPLC. Identification and 
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quantification of DON were achieved using an Agilent Technologies 1100 Series HPLC 

system with a Luna C18 column (150×4.6 mm, 5 µm) (Phenomenex, Torrance, CA, 

USA). The binary mobile phase consisted of solvent A (methanol) and solvent B (water) 

and the gradient program began at 22% A, increased linearly to 41% A at 5 min, 100% A 

at 7 min, held at 100% A from 7 to 9 min, and returned to 22% A at 11 min. There was a 

2 min post-run for re-conditioning under starting conditions. The flow rate was 1.0 

mL/min and the detector was set at 218 nm. Identification of DON and Compound-1 was 

achieved by comparing their retention times and UV-Vis spectra. DON concentrations 

were quantified based on reference to a calibration curve of DON standard (He et al., 

2007). 

 

2.3.4 Cell morphology analysis 

Cell shape and other morphological characteristics are important for the 

classification of bacteria. Gram’s staining was conducted as follows: heat-fixed smear of 

cells of the selected bacterium were dyed with crystal violet staining reagent and then 

treated with a mordant, Gram’s iodine solution. After the cells were decolorized with 

95% ethanol, safranin was added (Sutton, 2006). For scanning electron microscopy (SEM) 

sample preparation, the selected isolate was grown in TSB at 28 °C for 24 h, and the 

culture was centrifuged at 1000×g for 10 min. The harvested cells were re-suspended in 

phosphate buffer (PB) and then dropped onto the sample chip. The cells were fixed for 1 

h at room temperate with 2.5% glutaraldehyde in PB and then with 1% OsO4 in distilled 

H2O. Dehydration was conducted using a graded ethanol series, i.e. 25, 50, 75, 95 and 

100% ethanol. The SEM analysis was conducted in the Electron Microscope Lab of the 

Department of Food Science. For transmission electron microscopy (TEM) sample 

preparation, a similar method to that described in Graham et al. (1991) was used. The 

harvested cells were re-suspended in 2% GA in 0.05 M HEPES (N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid) and fixed for 2 h at room temperate. 

Fixed cells were pelleted, enrobed in 2% Noble agar, and cut to form blocks. The agar-

bacteria blocks were washed with HEPES buffer, postfixed in 2% OsO4 for 2 h at room 

temperature, and stained en bloc with 2% uranyl acetate for 2 h at room temperature. 

Cells were then dehydrated through a graded acetone series, embedded in fresh Epon 812 
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and polymerized for 36 h at 60 °C. The TEM analysis was conducted in the Guelph 

Regional Integrated Imaging Facility (GRIIF), Transmission Electron Microscope 

Facility, Department of Molecular and Cell Biology, University of Guelph. 

 

2.3.5 Fatty acid profile 

The fatty acid profile of the selected bacterium was determined using MIDI® gas 

chromatographic analysis of fatty acid methyl esters (GC-FAME). This test was 

conducted by Laboratory Services, University of Guelph. The selected isolate was grown 

on TSA at 28 °C for 24 h. Cells were then harvested for saponification, methylation and 

extraction following the manufacturer’s directions. The resulting samples were analyzed 

by GC and the chromatographic results (pattern and recognition) were compared with the 

Sherlock libraries (Sasser, 1990; last revised 2006).  

 

2.3.6 Carbon metabolic pattern 

To assess the carbon metabolic pattern, a Biolog GN2 MicroPlate™ test was 

conducted following the manufacturer’s directions (http://www.iul-

inst.com/images/GN2.pdf). The unique metabolic fingerprint pattern was compared and 

identified based on the MicroLog™ database. 

 

2.3.7 16S rRNA gene sequence analysis 

16S rRNA gene sequencing was conducted by Laboratory Services, University of 

Guelph, according to the following protocol.  Total genomic DNA was extracted from a 

pure isolate using InstaGene™ matrix (Bio-Rad, Mississauga, ON). The polymerase 

chain reaction (PCR) primers used for the bacterial identification were F8 (5’-

AGAGTTTGATCCTGGCTCAG-3’) and 1391R (5’-GACGGGCGGTGWGTRCA-3’). 

PCR was performed in a total volume of 25 µL, which contained 0.6 µM of each primer, 

1x of HotStarTaq® Master Mix (QIAGEN, Toronto, ON) and 20-40 ng of DNA. 

Amplification was completed in a GeneAmp® PCR System 9700 (Applied Biosystems, 

Burlington, ON) under the following conditions: 95 ºC (15 min); 35 cycles of 94 ºC (20 

s), 52 ºC (15 s), 72 ºC (1 min 30 s); and a 72 ºC (7 min) extension step. Amplified PCR 

products with a single fragment were confirmed on a 2.0% agarose gel and purified using 
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NucleoFast 96 PCR clean-up plate (Macherey-Nagel, Bethlehem, PA). Purified PCR 

fragments were sequenced using BigDye® Terminator v3.1 Cycle Sequencing method 

(Applied Biosystems). DNA sequencing was performed with an automated ABI 3730 

DNA analyzer (Applied Biosystems) following the manufacturer’s instruction (ABI 

Prism DNA Sequencing Analysis Software Version 3.7, Applied Biosystems). Forward 

and reverse sequences were edited and aligned. Aligned sequences were compared to the 

National Center for Biotechnology Information (NCBI) database using the Basic Local 

Alignment Search Tool (BLAST) tool. 

 

2.4 Results 

After eight serial sub-culturings of the soil culture (#17-2-E) in CMB medium 

containing DON, and platings from each serial dilution, a colony (labeled as No. 8) was 

selected from a CMB plate that was incubated at 28 °C for 72 h. Therefore, the selected 

isolate was named 17-2-E-8. This bacterial isolate transformed DON into Compound-1.  

The SEM and TEM images obtained, in addition to Gram-staining patterns, 

clearly indicate that the individual cells of isolate 17-2-E-8 have an oval or rod-shaped 

morphology that stain negative with Gram-staining. Cell dimensions are 1-1.8 µm in 

length and 0.4-0.8 µm in width (Figures 2.1 and 2.2). The strain forms 1–4 polar flagella, 

based on information from images of 14 cells. These cells form circular, raised and 

transparent- to white-colored colonies with smooth edges when grown on corn meal agar, 

tryptic soy agar, or nutrient agar (Table 2.1).  

 

Figure 2.1 Scanning electron microscope (SEM) image of isolate 17-2-E-8 
(Note: The round particles were solid residues of the culture media.). 
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Figure 2.2 Transmission electron microscope (TEM) images of isolate 17-2-E-8. 
 

The Biolog results indicate that isolate 17-2-E-8 utilizes a wide spectrum of 

sugars as a carbon source, including α-D-glucose, α-D-lactose, maltose, D-mannose, L-

arabinose, D-cellobiose, L-fucose, D-galactose, gentiobiose, and melibiose but not D-

fructose, lactulose, or D-sorbitol (Table 2.1). The bacterium grew quickly in the presence 

of D,L-lactic, D-gluconic, hydroxybutyric acid, and D-saccharic acids but not in the 

presence of some common acids, such as acetic, citric, formic, malonic, propionic, or 

succinic acids. 

Table 2.2 and Figure 2.3 show that the major cellular fatty acids of isolate 17-2-E-

8 were: 16:0 (22.8%), 18:0 (11.6%), 18:1 7c (7.6%), 10:0 3-OH (1.3%), 18:0 3-OH 

(3.5%), 11-methyl 18:1 7c (25.1%), 19:0 cyclo 8c (13.3%), and 19:1 7c/19:1 6c 

(11.7%). This fatty acid profile was close in nature to several members of the Devosia 

genus, but also distinguished this strain as a new species.  For example, the C18:1ω7c 

(7.6%) content of isolate 17-2-E-8 was lower than the majority of Devosia species (21.6-

67.2%), but similar to D. epidermidihirudinis E84T (5.4%). In addition, isolate 17-2-E-8 

contains summed feature 8 at 11.68% while other Devosia species do not (Table 2.2).
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Figure 2.3 The fatty acid methyl ester profiles of isolate 17-2-E-8 using MIDI® gas chromatographic analysis of fatty acids 
methyl esters (GC-FAME). Peaks in the GC graph were identified on the basis of their retention times using bacterial methyl 
ester (BAME) standard. 
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Table 2.1 Differential phenotypic and carbon utilization characteristics of isolate 17-2-E-8 and other Devosia species. 
Strains: 1, D. mutans 17-2-E-8; 2, D. riboflavin DSM 7230T (Nakagawa et al., 1996); 3, D. insulae DSM 17955T (Yoon et al., 2007); 4, D. 
soli KACC 11509T (Yoo et al., 2006); 5, D. neptuniae LMG 21357T (Rivas et al., 2003); 6, D. chinhatensis IPL18T (Kumar et al., 2008); 7, 
D. epidermidihirudinis E84T (Galatis et al., 2013); 8, D. submarina KMM 9415T (Romanenko et al., 2013). All strains are non-spore-
forming..  
 

Characteristic  17-2-E-8 D. riboflavin 
DSM 7230T 

D. insulae 
DSM 17955 
T 

D. soli 
KACC 
11509 T 

D. neptuniae 
LMG 21357 
T 

D. 
chinhatensis 
IPL18 T 

D. 
epidermidihirudinis 
E84 T 

D. 
submarina 
KMM 
9415T 

Colony color Transparent 
to white 

Cream Ivory Light beige Pearl white Cream Beige, shiny orange–
reddish 

Cell shape Ovals or rods Rods Ovals or rods Rods Rods Rods Rods Rods 

Motility + + + ND + + ̶ + 

Flagellum 1-4 polar several polar 1 polar  ND 1 polar 1 polar ND 2-7 polar, 
bipolar and 

lateral 

Glucose* + + ̶ ̶ + + + + 

L-Arabinose* + + ̶ ̶ + + + + 

D-Mannitol* ̶ + ̶ ̶̶ + + + + 

Mannose* + + ̶ ̶ + + + + 

Maltose* + + ̶ ̶ + + + + 

Galactose* + + ND ND ̶ ND ND ̶ 

Sucrose* (+) ̶ ND ND ND ND ND ̶ 

Lactose* + + ND ND ND ND ND ̶ 

myo-Inositol* ̶ (+) ND ND ND ND ND ̶ 

L-Fucose* + ND ND ND ND ND ND ̶ 

* Carbon utilization pattern of isolate 17-2-E-8 was characterized using Biolog GN2 Microplate. 
+, positive;  ̶ , negative; (+), weakly positive; ND, no data available. 
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Table 2.2 Cellular fatty acid composition  (%) of isolate 17-2-E-8 and type strains of species of the genus Devosia. 
Strains: 1, D. mutans 17-2-E-8; 2, D. riboflavin DSM 7230T (Nakagawa et al., 1996); 3, D. insulae DSM 17955T (Yoon et al., 2007); 4, D. 
soli KACC 11509T (Yoo et al., 2006); 5, D. neptuniae LMG 21357T (Rivas et al., 2003); 6, D. chinhatensis IPL18T (Kumar et al., 2008); 7, 
D. epidermidihirudinis E84T (Galatis et al., 2013); 8, D. submarina KMM 9415T (Romanenko et al., 2013). 
 

Fatty acid 17-2-E-8 

 

D. riboflavin 
DSM 7230 T 

D. insulae 
DSM 17955 
T 

D. soli 
KACC 
11509 T 

D. neptuniae 
LMG 21357 
T 

D. 
chinhatensis 
IPL18 T 

D. 
epidermidihirudinis 
E84 T 

D. 
submarina 
KMM 
9415T 

C16:0 22.8 22.0 12.7 12.7 25.6 20.6 23.7 8.77 

C18:0 11.6 3.8 3.2 3.0 6.7 8.1 6.8 4.5 

iso-C18:1 – – – – – 4.69 – – 

C18:1ω7c 7.6 44.7 22.5 67.2 21.6 52.4 5.4 64.7 

C10:0 3-OH 1.3 1.7 – 3.5 0.7 – – 1.5 

C18:0 3-OH 3.5 0.4 – 5.2 5.5 2.2 3.6 5.2 

11-Methyl 
C18:1ω7c 

25.1 21.8 30.2 5.8 27.0 10.3 33.8 5.6 

C19:0 ω8c 
cyclo 

13.3 1.6 1.1 – 7.8 – 24.9 – 

Unknown 
ECL 18.814 

– – 6.2 – – – – – 

Unknown 
ECL 14.969 

0.52 – – – – 1.65 – – 

Summed 
feature 3* 

0.55 2.4 0.6 2.8 1.9 – – – 

Summed 
feature 6* 

0.13 – 0.6 – – – – – 

Summed 
feature 8* 

11.68 – – – – – – – 

*Summed features represent groups of two or three fatty acids that could not be separated by GLC with the MIDI system. Summed feature 3 contained 
C16:1ω7c and/or iso-C15:0 2-OH. Summed feature 6 contained C18:2ω6,9c / C18:0 ante. Summed feature 8 contained C19:1ω7c / C19:1ω6c. 
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The resulting 16S rRNA gene sequence from isolate 17-2-E-8 had 94-97% 

sequence similarity to 11 strains from Devosia and several other bacterial genera, 

including at least two uncultured and unidentified bacterial species (Table 2.3, Appendix 

I). The NCBI nucleotides collection accession number for the 16S rRNA gene sequence 

of isolate 17-2-E-8 is #KJ572863. Isolate 17-2-E-8 was deposited to the International 

Depository Authority of Canada (IDAC) and the American Type Culture Collection 

(ATCC), and filed with accession numbers of IDAC 040408-1 and ATCC PTA-121309, 

respectively. 

 

Table 2.3 Sequence similarity of 16S rRNA gene from isolate 17-2-E-8. 
 

Description GenBank 
Accession # 

Similarity 
(%) 

Devosia sp. 4_C16_46 16S ribosomal RNA gene, partial 
sequence 

EF540511.1 97 

Uncultured bacterium clone IYF22 16S ribosomal RNA 
gene, partial sequence 

DQ984580.1 97 

Uncultured alpha proteobacterium partial 16S rRNA gene, 
clone JG34-KF-258 

AJ532705.1 96 

Antarctic bacterium A02 16S ribosomal RNA gene, partial 
sequence 

EU636035.1 95 

Devosia hwasunensis partial 16S rRNA gene, type strain 
HST2-16T 

AM393883.1 95 

Devosia insulae strain DS-56 16S ribosomal RNA gene, 
partial sequence 

EF012357.1 95 

Rhizobiales bacterium CSQ-10 16S ribosomal RNA gene, 
partial sequence 

EF512133.1 95 

Arctic sea ice bacterium ARK10037 16S ribosomal RNA 
gene, partial sequence 

AF468359.1 94 

Devosia subaequoris partial 16S rRNA gene, strain type 
strain: HST3-14 

AM293857.1 94 

Devosia albogilva strain IPL15 16S ribosomal RNA gene, 
partial sequence 

EF433460.1 94 

Hyphomicrobiaceae bacterium H642 16S ribosomal RNA 
gene, partial sequence 

GQ383921.1 94 
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In summary, this new species is described as follows: cells are ovals or rods 

(approx. 1-2 μm in length), non-spore-forming, motile with 1–4 polar flagella. Colonies 

are circular, raised and transparent- to white-colored with smooth edges. The bacterium is 

Gram-negative and aerobic; has good growth on/in TSA, nutrient, and corn meal 

agar/broth at 25–30 °C; is positive for assimilation of glucose, L-arabinose, mannose, 

maltose, galactose, sucrose, lactose, and L-fucose, but negative for D-mannitol and myo-

inositol (Table 2.1). Fatty acid profile was largely composed of 16:0 (22.8%), 18:0 

(11.6%), 18:1 7c (7.6%), 10:0 3-OH (1.3%), 18:0 3-OH (3.5%), 11-methyl 18:1 7c 

(25.1%), 19:0 cyclo 8c (13.3%), and 19:1 7c/19:1 6c (11.7%) (Table 2.2). Isolate 

17-2-E-8 was shown to belong to the Devosia genus based on 16S rRNA gene sequence 

similarity. Results from chemotaxonomic, phenotypic and genotypic analysis indicated 

that this bacterium belongs to the Devosia genus with no close match to any currently 

validly published species; therefore, Devosia mutans was suggested as a species 

designation.  

 

2.5 Discussion 

2.5.1 Isolation of DON-transforming microorganisms 

To date, few microorganisms have been successfully isolated from DON-

transforming sources, such as soil, rumen fluid and chicken gut contents (Karlovsky, 

2012). Selection of DON-transforming microorganisms has been challenging because of: 

1) the diversity and ecology of microbial communities; 2) suppression of the functioning 

microorganisms by the co-existing microorganisms (through nutrient and space 

competition, and/or antagonism, etc.); 3) limited knowledge about the mechanisms of 

DON-transformation (e.g. induced activities or co-metabolism, etc.); 4) a lack of suitable 

media for culturing in the laboratory; and 5) limited information about suitable cultural 

conditions (e.g. a neutral pH level was critical to the DON to DOM-1 transformation by 

chicken gut microorganisms) (He et al., 1992). These factors can cause false inactivation 

of the DON-transforming microorganisms and, thus, mislead one to terminate the 

isolation.   

Considering the dynamics of an ecological community, two strategies have been 

developed to isolate DON-transforming microorganisms. One strategy is suppression of 
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non-DON-transforming (DON-utilizing) microorganisms. For example, antibiotics 

(Young et al., 2007, Guan et al., 2009; Yu, et al., 2010; Islam et al., 2012) and limiting 

carbon source to DON only (Shima et al., 1997; He et al., 2008; Ikunaga et al., 2011; 

Sato et al., 2012; Ito et al., 2012) were used to suppress non-target microorganisms, 

reduce the diversity of the microbial community and population and, therefore, increase 

the possibility of selection of target microorganisms.  

The other strategy is to promote the growth of DON-transforming 

microorganisms and, thus, reduce the population of non-target microorganisms 

simultaneously. This approach successfully enriched DON-transforming microorganisms 

in soils (He, 2008). The hypothesis was that DON-transforming microorganisms were 

tolerant to DON, could cohabit with the DON producer, F. graminearum, and could 

utilize the common nutrients in hosts of the plant pathogen. Cereal, corn, soybean and 

hay (including alfalfa) are major field crops used in crop rotations in Ontario. Soils 

collected from these crop fields showed increased activities of DON-transformation after 

enrichment with F. graminearum-infested mouldy corn (He, 2008). Therefore, a nutrient-

selection method of using corn meal broth containing DON was applied to select DON-

transforming microorganisms from an enriched alfalfa soil. A bacterial strain 17-2-E-8 

was selected. This strain reduced DON concentrations in media and produced 

Compound-1 as the major transformation product.  

 

2.5.2 Devosia mutans 17-2-E-8 and other Devosia species  

 The genus Devosia was created as a result of reclassification of Pseudomonas 

riboflavin by Nakagawa et al. (1996). Currently, sixteen species isolated from terrestrial 

soil and marine sediment have been characterized: Devosia riboflavina (Nakagawa et al., 

1996), D. neptuniae (Rivas et al., 2003), D. limi (Vanparys et al., 2005), D. soli (Yoo et 

al., 2006), D. insulae (Yoon et al., 2007), D. subaequoris (Lee, 2007), D. chinhatensis 

(Kumar et al., 2008), D. geojensis (Ryu et al., 2008), D. albogilva (Verma et al., 2009), 

D. crocina (Verma et al., 2009), D. yakushimensis (Bautista et al., 2010), D. glacialis 

(Zhang et al., 2012), D. psychrophila (Zhang et al., 2012), D. epidermidihirudinis 

(Galatis et al., 2013), D. lucknowensis (Dua et al., 2013), D. submarina (Romanenko et 

al., 2013) and D. pacifica (Jia et al., 2014).  
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Chemotaxonomic, phenotypic and genotypic analysis aligns strain 17-2-E-8 to the 

Devosia genus. However, this strain has certain differences in cell morphology, carbon 

metabolism pattern, and fatty acid profiles, when compared to seven selected Devosia 

species (Tables 2.1 and 2.2). For example, the colonies of D. mutans 17-2-E-8 are 

transparent to white, whereas other Devosia spp. can be cream, ivory, light beige, pearl 

white, beige, or shiny orange–reddish. The number of flagella ranged from 0 to 7, and 

other species in this genus are mostly unipolar, but can also be bipolar or lateral.  

The carbon metabolism pattern of D. mutans 17-2-E-8 is similar to that of D. 

riboflavina, but different from other species. D. mutans 17-2-E-8 was isolated from corn 

meal medium, and the bacterium reduced DON concentrations in corn meal medium 

under aerobic conditions. In a similar study, harvested cells of D. ginsengisoli reduced 

DON concentrations in potassium phosphate buffer (pH 7.0); however, D. ginsengisoli 

did not grow or reduce DON concentrations when incubated in mineral medium 

containing DON as the only carbon source (Sato et al., 2012). It was interesting that, in 

the study by Sato et al., several strains of Devosia were co-selected with Nocardioides 

spp. by an enrichment method using DON as the only carbon source. The selected 

Nocardioides spp. grew in a medium containing DON as the only carbon source, 

whereas, Devosia spp. did not. This phenomenon was proposed as a co-metabolism 

process. These Devosia spp. included D. ginsengisoli (characterization has not been 

validly published) and two unidentified species.  D. ginsengisoli is considered a species 

closely related to D. insulae, based on an analysis of 16S rRNA gene sequences by others 

in our group. The difference between our study and that of Sato et al. is likely to be 

explained by differences in carbon metabolism patterns of D. mutans 17-2-E-8 and D. 

ginsengisoli (D. insulae). In addition, species of the genus Devosia have been reported to 

have variable enzyme activities (Yoon et al., 2007; Romanenko et al., 2013), which 

might also be a factor responsible for the difference in DON-transformation activity.  

 

2.6 Conclusions 

A Gram-negative, non-spore-forming, oval or rod-shaped, motile with 1–4 polar 

flagella, aerobic, DON-transforming bacterium (17-2-E-8) was isolated from an alfalfa 

soil that was enriched with Fusarium graminearum-infested mouldy corn. Bacterial 
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colonies are circular, raised and transparent- to white-colored with smooth edges. Based 

on the results of genotypic and phenotypic tests, strain 17-2-E-8 represents a new species 

and the name Devosia mutans (=IDAC 040408-1 = ATCC PTA-121309) is proposed. 
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3.1 Abstract 

In an investigation of deoxynivalenol (DON)-transformation products by Devosia 

mutans 17-2-E-8, a new substance, 3-epi-DON (a major product), and 3-keto-DON (a 

minor product) were identified. These DON-transformation products were analyzed by 

liquid chromatography (LC) and identified by congruent retention time and UV/Vis 

spectrum and mass spectrometric (MS) data. Nuclear magnetic resonance (NMR) 

experiments such as correlation spectroscopy (COSY), heteronuclear single quantum 

coherence (HSQC) and nuclear overhauser effect (NOE) were conducted for structural 

characterization of the new chemical 3-epi-DON. High-speed counter-current 

chromatography (HSCCC) and preparative high performance liquid chromatography 

(prep-LC) were applied to separate 3-epi-DON and 3-keto-DON from DON in a D. 

mutans 17-2-E-8 culture. From a culture where 100 mg DON was applied, 56 mg of 3-

epi-DON (purity 96.8%) and 1.7 mg of 3-keto-DON (purity of 95.1%) were obtained 

from the HSCCC and the prep-LC methods, respectively. The recovery rates of 3-epi-

DON from HSCCC and 3-keto-DON from prep-LC were 90% and 68%, respectively. 

The purified 3-epi-DON and 3-keto-DON will be used for toxicological characterization 

studies of these chemicals. 

 

Keywords: Deoxynivalenol, vomitoxin, DON, 3-epi-DON, 3-keto-DON, high-speed 

counter-current chromatography (HSCCC), preparative liquid chromatography (prep-LC), 

liquid chromatography-mass spectrometry (LC-MS), nuclear magnetic resonance (NMR), 

correlation spectroscopy (COSY), heteronuclear single quantum coherence (HSQC), 

nuclear overhauser effect (NOE) 

 CHAPTER 3 

CHARACTERIZATION OF PRODUCTS APPEARING DURING 

TRANSFORMATION OF DEOXYNIVALENOL BY 

DEVOSIA MUTANS 17-2-E-8 
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3.2 Introduction 

Chemical and biological transformation of DON may provide a practical and 

effective solution for treating DON-contaminated products (Karlovsky, 1999; He et al., 

2010). There have been several transformation products reported, such as DON-sulfonate, 

DON lactone, norDON A, norDON B and norDON C, 3-acetyl-deoxynivalenol (3-

ADON), 15-acetyl-deoxynivalenol (15-ADON), diacetyl-DON, triacetyl-DON, iso-DON, 

3-keto-deoxynivalenol (3-keto-DON), deepoxydeoxynivalenol (DOM-1), DON-3-

glucuronide, DON-3-glucoside, and 3-epi-deoxynivalenol (3-epi-DON) (Zhou and He, 

2009; He et al., 2010; Ikunaga, et al. 2011). However, toxicological information for these 

transformation products (or DON derivatives) is limited to acute oral and intraperitoneal 

(i.p.) injection toxicity (LD50) of 3-ADON (Yoshizawa and Morooka, 1974) and 15-

ADON (Forsell et al., 1987; NTP, 2009) in the mouse, immunosuppression of 3-keto-

DON (Shima et al., 1997), in vitro toxicity data of DOM-1 (Eriksen et al., 2004) and 

DON-3-glucuronide (Wu et al., 2007), in vivo mouse study for 15-ADON (Pestka et al., 

1986) and emetic activity of 15-ADON in pigs (Pestka et al., 1987). The limited chemical 

and toxicological information on DON-transformation products may be due to lack of 

suitable methods to purify sufficient amounts of the chemicals for structure identification 

and toxicology studies.    

Chapter 2 described a bacterial strain, identified as Devosia mutans 17-2-E-8, 

isolated from an alfalfa soil enriched with F. graminearum-infested corn, which was able 

to consistently reduce the concentration of DON by up to 100% in aerobic conditions. 

The major product of DON transformation by D. mutans 17-2-E-8 was detected at 

retention time 4.2 min (named as “Compound-1”) and a minor product was visible at 

peak 7.9 (named as “Compound-2”). The minor product, Compound-2, was identified as 

3-keto-DON by matching the retention time and UV/vis spectrum and mass spectrometry 

(MS) spectral data with 3-keto-DON standard (He, 2008). However, at that time, there 

were no reports of the structure of Compound-1. It was particularly interesting that 

Compound-1 had the same UV absorption profile and MS fragments as the DON 

standard, however, it eluted one minute earlier than DON in the designed LC program 

(He, 2008). In light of the slightly earlier elution time, it was reasonable to hypothesize 

that Compound-1 was more polar than DON, and possibly an isomer of DON. It was 
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therefore necessary to characterize the chemical structure of Compound-1, and to purify a 

large amount of this chemical for toxicological research. 

Purification methods for DON and some of its derivatives have been developed to 

obtain milligram to gram quantities of DON. Low-pressure liquid chromatography (low-

pressure LC) separations coupled with pre-purification and/or further purification steps 

have been applied. For example, DON and a related metabolite 3,15-dihydroxy-12,13-

epoxytrichothec-9-ene-8-one were isolated using a thin layer chromatography (TLC) pre-

purification followed by preparative liquid chromatography (prep-LC) on a reverse-phase 

C8 column (Bennett et al., 1981). DON, 3-ADON, 15-ADON, nivalenol (NIV), 7-deoxy-

DON and culmorin derivatives were purified from cultures of Fusarium species by low-

pressure LC separations using a silica gel column or an activated Florisil column 

followed by re-crystallization (Greenhalgh et al., 1983; Scott et al., 1984; Witt et al., 

1985; Lauren et al., 1994; Clifford et al., 2003; Krska et al., 2005). For purification of 

milligram quantities of DON, TLC was a commonly used technique. For example, DON, 

DON esters and DON-deoxygenation products were purified using preparative TLC 

and/or crystallization for further purification (Miller et al., 1983; King and Greenhalgh, 

1985; King and Greenhalgh, 1987). More advanced purification methods using prep-LC 

were developed for mycotoxins and their masked forms, for example, deoxynivalenol-3-

glucuronide (DON-3-GlcA), glucuronides of 3-ADON and 15-ADON (3-ADON-GlcA 

and 15-ADON-GlcA), DOM-1, zearalenone (ZEA), α- and β-zearalenol (α- and β-ZOL), 

and zearalenone-14-glucoside (ZEA-14G) (Berthiller et al., 2013). The above methods 

required repeated partitioning with organic solvents, a defatting step, additional 

purification by washing with water, or conversion of acetyl-DON to DON by hydrolysis 

(Bennett et al., 1981; Scott et al., 1984; Witt et al., 1985; Clifford et al., 2003), and lack 

efficiency in large scale purification (Berthiller et al., 2013).  

High-speed counter-current chromatography (HSCCC), a technique based on 

liquid-liquid partition, is popular for scaled-up separations with minimum sample 

preparation and cleanup procedures (Ito, 2005). To increase the separation efficiency, an 

HSCCC method was developed to purify DON from F. graminearum rice culture, patulin 

from Penicillium expansum apple juice culture, and fumonisin B1 from the fungal mass of 

F. verticillioides (He et al., 2007; He et al., 2009; Szekeres et al., 2013). These methods 
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were a one-step procedure and gave high recovery of the target chemicals. For example, 

HSCCC gave higher recovery of patulin compared to prep-LC, a conventional separation 

technique (He et al., 2009).  

Therefore, the objectives of this study were 1) development of a novel HSCCC 

coupled with prep-LC for efficient purification of Compound-1 and 3-keto-DON; 2) 

characterization of Compound-1 using MS and NMR analysis.  

 

3.3 Materials and methods 

3.3.1 Chemicals  

DON standard and (NH4)2SO4, K2HPO4, MgSO4, K2SO4, FeSO4, MnSO4 and 

yeast extract were purchased from Sigma–Aldrich (Oakville, ON, Canada). Standard 3-

keto-DON was obtained from Eastern Cereal and Oilseed Research Centre, Agriculture 

and Agri-Food Canada, Ottawa, Ontario, Canada. LC grade solvents (butanol, ethanol, 

ethyl acetate, hexane, methanol, tert-butyl methyl ether) were obtained from Caledon 

Laboratories Ltd. (Georgetown, ON, Canada). Corn meal broth (CMB): 40 g corn meal 

was soaked in 1 L water at 58 ºC for 4 h, allowed to stand for 2 h, and then filtered 

through a Whatman No. 1 filter paper (Whatman; Maidstone, Kent, UK). To 1 L of the 

filtrate were added 3.0 g (NH4)2SO4, 1.0 g K2HPO4, 0.5 g MgSO4, 0.5 g K2SO4, 0.01 g 

FeSO4, 0.007 g MnSO4, and 5.0 g yeast extract. 

 

3.3.2  D. mutans 17-2-E-8 

The bacterium D. mutans 17-2-E-8 was stored in corn meal broth medium 

containing 25% glycerol at 20 ºC. To produce D. mutans 17-2-E-8 cells for inoculation of 

corn meal broth, the bacterium was grown in CMB medium at 28 ºC for 48 h. One 

hundred mL of the bacterial culture was added to 10 mL of a mixture of 10 mg/mL DON 

in sterile water and 890 mL CMB medium. The inoculated liquid was incubated at 28 °C 

for 48 h. 

 

3.3.3 Preparation of crude extract of Compound-1 from D. mutans 17-2-E-8 culture for 

HSCCC separation 
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Bacterial cells in the resulting D. mutans 17-2-E-8 culture obtained as outlined in 

Section 3.3.2 were removed by centrifugation at 10000 g for 10 min, and the resulting 

supernatant was filtered through a 0.45 µm polyvinyl difluoride (PVDF) membrane filter 

(Whatman; Maidstone, Kent, UK). The filtrate was then freeze-dried. The crude extract 

was stored at -20 °C before being used. When injected to HSCCC, the crude extract was 

dissolved in 4 mL 50% methanol solution. 

 

3.3.4 Partition coefficient (k) for the HSCCC solvent system 

Common organic solvents such as butanol, ethanol, ethyl acetate, n-hexane, 

methanol, and tert-butyl methyl ether were used to develop an appropriate HSCCC 

solvent system. Approximately 1 mg of the crude extract of D. mutans 17-2-E-8 culture 

filtrate was added to a 15 mL screwcap test tube with 4 mL of a pre-equilibrated two-

phase solvent system (2 mL of each phase). The test tube was capped, shaken vigorously 

for 1 min and allowed to stand until there were two clearly separated phases. The lower 

layer was directly injected and analyzed by LC. An aliquot of the upper layer (1 mL) was 

dried under a gentle nitrogen stream, reconstituted in 1 mL methanol and analyzed by LC. 

The partition coefficient (K) of Compound-1 was expressed as the ratio of the 

concentration of Compound-1 in the upper phase to that in the lower phase (He et al., 

2007). 

 

3.3.5 HSCCC separation 

The preparative separation was performed using a type-J multilayer coil planet 

centrifuge and Model CCC-1000 high-speed counter-current chromatograph (Pharma-

Tech Research, Baltimore, MD, USA). This apparatus holds three preparative coils 

connected in series (PTFE tube 1.6 mm i.d., 325 mL total volume). The average 

multilayer coil radius (r) was 5.60 cm, the rotation radius (R) was 7.62 cm and the beta 

value (=r/R) was 0.73. The HSCCC system was equipped with an LC pump (SSI/Lab 

Alliance, State College, PA, USA), a Model 450 UV detector (Alltech, Deerfield, IL, 

USA), a Model L 120 E flat-bed recorder (Linseis Inc., Princeton-Jct, NJ, USA), a 

fraction collector (Advantec MFS Inc., Dublin, CA, USA) and a sample injection valve 
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with a sample loop of 10 mL. All purifications were conducted at room temperature 

23 °C (He et al., 2007; He et al., 2009). 

A mixture of ethyl acetate–methanol–water (10:2.5:7.5, v/v/v) was shaken 

vigorously in a separating funnel, allowed to stand and equilibrated at room temperature 

until there were two clearly separated phases. The upper layer was the stationary phase 

and the lower phase was the mobile phase. The entire coiled column was filled with the 

upper layer before the separation. The revolution speed was set at 1000 rpm and the 

lower layer was then pumped into the head end of the column at a flow-rate of 1.5 

mL/min. The volume of the solvent front (VSF) was 108 mL and the volume of the 

stationary phase (VS=VC–VSF) was 217 mL. After the system reached hydrodynamic 

equilibrium, the crude extract (4 mL) was loaded into the injection valve. The effluent 

was continuously monitored by the UV light detector at 254 nm and collected into test 

tubes set at 4 min for each tube. Fractions that contained Compound-1 and DON as 

identified by LC were dried, separately, under rotary evaporation, dissolved in water and 

then freeze-dried. 

 

3.3.6 Prep-LC separation 

Equipment and methods were similar to those described in the HSCCC method of 

He et al. (2008), but used a different prep-LC program. The prep-LC system consisted of 

an LC pump (SSI/Lab Alliance), a Model 450 UV detector (Alltech), a Model L 120 E 

flat-bed recorder (Linseis), a fraction collector (Advantec MFS), a Model 7125 manual- 

loading sample injector with a position sensing switch and a sample loop of 5 mL 

(Rheodyne LLC, Rohnert Park, CA, USA), and a Luna C18 (150×21.2 mm, 5 µm) 

column (Phenomenex, Torrance, CA, USA). The stationary phase of the HSCCC was 

dried under vacuum, dissolved in 0.3 mL 50% methanol, and then loaded into the injector. 

The mobile phase 35% aqueous methanol (35:65, v/v) was degassed by sonication and 

pumped into the column isocratically at a flow rate of 20 mL/min. The detection 

wavelength was set at 254 nm, fractions were collected, and the fraction containing 3-

keto-DON was dried under rotary evaporation, dissolved in water and then freeze-dried. 

 

3.3.7 LC-UV analysis 
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The LC-UV method description of He et al. (2007) was applied. Briefly, prior to 

LC-UV analysis, samples were prepared in 50% methanol solution and filtered through a 

0.45 µm polyvinyl difluoride (PVDF) syringe filter (Whatman; Maidstone, Kent, UK). 

Separation and identification of DON and its transformation products were performed on 

an Agilent Technologies 1100 Series HPLC system equipped with a Luna C18 analytical 

column (150×4.6 mm, 5 µm particle size) (Phenomenex, Torrance, CA, USA). The 

binary mobile phase consisted of solvent A (methanol) and solvent B (water) delivered at 

1.0 mL/min. The multi-linear gradient began using 22% A, from 0-5 min was increased 

to 41% A, from 5-7 min was increased to 100% A, from 7-9 min was held at 100% A, 

and was returned to 22% A at 11 min. A 2-min post-run under starting conditions was 

applied to re-condition the column. The detection wavelength was set at 218 nm. 

Identification of DON and its transformation products was achieved by comparing their 

retention times and UV-Vis spectra with those of a DON standard. Quantification was 

based on reference to a calibration curve of DON standard and the purified DON-

transformation products (He et al., 2007).  

 

3.3.8 LC-MS analysis 

The LC-MS method description of He et al. (2007) was applied. Briefly, samples 

were analyzed using a liquid chromatography-mass spectrometry (LC-MS) (Finnigan 

MAT Spectra System UV6000LP) equipped with a Phenomenex Luna C18 column 

(150×4.6 mm, 5 µm) (Torrance, CA, USA), a photodiode array UV detector, and a 

Finnigan LCQ Deca atmospheric pressure chemical ionization (LC-APCI-MS) system 

operated in positive ion mode. The separation program as described for the LC-UV 

analysis was used for the LC-MS analysis.  

 

3.3.9 NMR analysis 

Proton NMR spectra of DON and Compound-1 were recorded in DMSO-d6 using 

Bruker Avance-400 and -600 spectrometers (Bruker BioSpin Ltd., Milton, ON, Canada). 

H–H correlation spectroscopy (COSY) and heteronuclear single quantum coherence 

(HSQC) were also recorded. The parallel nuclear overhauser effect (NOE) tests on DON 

and compound-1 were conducted using a Bruker Avance-400 spectrometer (Bruker 
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BioSpin Ltd., Milton, ON, Canada). These NMR tests were conducted in the Department 

of Chemistry, University of Guelph, Ontario, Canada. 

 

3.4 Results and discussion 

3.4.1 Purification of Compound-1 using HSCCC 

3.4.1.1 Extraction 

Extraction of DON and its transformation products for analytical purposes has 

been mostly conducted using organic solvents, for example acetonitrile, methanol or 

ethyl acetate (Shima et al., 1997; Ikunaga et al., 2011; Ran et al., 2013). In this study, 

bacterial cells and culture medium solid particles were removed from the aqueous culture 

by centrifugation. The clear medium solution containing only water soluble chemicals, 

including DON and its transformation products, was freeze-dried. The resulting powder 

(extract) was relatively pure and ready for HSCCC purification (Figure 3.1). This 

extraction method is considered an improvement over others that require multiple organic 

solvent extraction steps, as it is more efficient and less labour intensive. 

 

Figure 3.1 Liquid chromatography (LC) chromatograms of (a) Crude extract of D. 
mutans 17-2-E-8 culture; (b) Purified Compound-1, identified as 3-epi-DON; (c) Purified 
DON; and (d) High-speed counter-current chromatography (HSCCC) stationary phase 
after separation. Insert: UV spectrum of 3-epi-DON, DON, and 3-keto-DON. LC 
conditions: Luna C18 column (150×4.6 mm i.d., 5 µm); mobile phase gradient was 22% 
methanol at 0 min, 41% methanol at 5 min, 100% methanol at 7 min which was held at 
100% from 7-9 min, and returned to 22% methanol at 11 min; detection wavelength was 
set at 218 nm. 
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3.4.1.2 Optimization of two-phase solvent system 

A good solvent system is critical for the HSCCC separation and requires that: 1) 

the target compounds (e.g. DON; Compound-1; 3-keto-DON) must be stable and soluble 

in the selected solvent system; 2) the solvent system must separate into two phases 

quickly; and 3) the partition coefficient (K) of the compounds of interest should be in the 

range of 0.5 to 1.0 (Ito, 2005). 

Based on LC analysis, Compound-1, DON and 3-keto-DON were eluted at 4.2, 

5.2 and 7.9 min, corresponding to mobile phase with levels of 38%, 42% and 100% 

methanol, respectively (calculated based on the LC program). This was indicative of the 

polarity of these chemicals. Compound-1 and DON are much more polar than 3-keto-

DON, but there was also a difference in polarity between Compound-1 and DON. In 

addition, all target chemicals were stable and soluble in ethyl acetate, methanol and water.  

Therefore, it was hypothesized and designed that: 1) Compound-1 and DON can be 

eluted by the mobile phase of a modified HSCCC ethyl acetate: water (1:1, v/v) system, 

whereas 3-keto-DON can stay in the stationary phase; and 2) prep-LC can further purify 

3-keto-DON from the hydrophobic mixture in the stationary phase, after removal of the 

organic solvent, e.g. ethyl acetate. 

Various solvent systems with different ratios were tested for suitability. Table 3.1 

summarizes the measured K values. The first tested solvent system was the one used in 

DON purification (He et al., 2007). It gave a perfect K value for DON (K=1.0) and 

allowed 3-keto-DON to stay in the stationary phase (K=4.7 >>1.0). However, the K value 

of this system for Compound-1 was only 0.28, indicating that the Compound-1 is likely 

to be co-eluted with the solvent front or be contaminated with solvent front chemicals. 

The higher a K value is, the longer the time required for elution by the mobile phase. To 

modify the chemical solubility in the stationary phase, n-hexane and methanol were 

added in the second and third solvent systems, respectively. The ethyl acetate: methanol: 

water (6:1:5, v/v/v) mixture was promising, and it was further improved by increasing 

methanol content to ethyl acetate: methanol: water (10:2.5:7.5, v/v/v). The solvent system 

of ethyl acetate: methanol: water (10:2.5:7.5, v/v/v) provided good K values at 0.46, 0.85, 

and 3.8 for Compound-1, DON and 3-keto-DON, respectively (Table 3.1), therefore, it 
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was chosen for the final preparative HSCCC separation of Compound-1 and DON 

(Figure 3.2).  

 

Table 3.1 The partition coefficient (K) values of DON-transformation products in 
different biphasic solvent systems. 
 

Solvent System* Partition Coefficient (K) 

Compound-1 DON 3-keto-DON 

ethyl acetate: water (1:1) 0.28 1.0 4.7 

hexane: ethyl acetate: water (1:9:10) 0.16 0.32 3.3 

ethyl acetate: methanol: water (6:1:5) 0.40 1.0 4.1 

ethyl acetate: methanol: water (10:2.5:7.5)** 0.46 0.85 3.8 

* Cell-free CMB culture was used as water in these biphasic solvent systems. 
** Separation factor α=K(DON)/K(Compound-1)= 1.85.  
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Figure 3.2 High-speed counter-current chromatography (HSCCC) chromatogram of 
crude extract of corn meal broth (CMB) culture of bacterial D. mutans 17-2-E-8 in an 
ethyl acetate:methanol:water (10:2.5:7.5, v/v/v) solvent system. The upper layer was the 
stationary phase and the lower phase was the mobile phase. HSCCC conditions: PTFE 
tube 1.6 mm i.d.; 325 mL total volume; the beta value (=r/R) was 0.73; the revolution 
speed was set at 1000 rpm and the lower layer was then pumped into the head end of the 
column at a flow-rate of 1.5 mL/min; detection wavelength was set at 254 nm. 
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3.4.1.3 Separation efficiency and resolution 

Flow rate, revolution speed and sample solution affect the retention of the 

stationary phase, which is one of the most important parameters in determining the peak 

resolution. Optimization of these parameters was discussed previously (He et al., 2007). 

The same HSCCC unit and similar solvent system were chosen for the current study. A 

flow rate of 1.5 mL/min and revolution speed of 1040 rpm were used. To increase 

solubility of the crude extract, the sample solution was 50% methanol instead of the 

mobile phase. The 50% methanol sample solution was only 4 mL and its influence on the 

two-phase HSCCC solvent system was considered negligible.   

To better understand the separation profile of the developed HSCCC method, 

major HSCCC chromatographic parameters for the purification are presented in Table 3.2 

and Figure 3.2, in addition to the above estimation using LC. The K values of DON were 

0.85 and 1.15 by the LC and HSCCC methods, respectively, and those of Compound-1 

were 0.46 and 0.61, respectively (Tables 3.1 and 3.2). There were slight differences 

between the LC calculated K values and the HSCCC actual K values; however, the 

separation factors () estimated by LC and HSCCC were close, at 1.85 and 1.89, 

respectively. These parameters (low K value, high  value) led to a rapid and clear 

separation between Compound-1 and DON in the crude extract, making the two-phase 

solvent system (ethyl acetate: methanol: water (10:2.5:7.5, v/v/v)) more efficient for the 

separation of Compound-1 and DON in biological matrices.  
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Table 3.2 High-speed counter-current chromatography (HSCCC) parameters of 
separation of the freeze-dried crude extract of D. mutans 17-2-E-8 corn meal broth 
(CMB) culture in ethyl acetate: methanol: water (10:2.5:7.5) solvent systems.  

Parameter Value 

Column capacity, VC (mL) 325 

Flow rate (mL/min) 1.5 

Volume of the solvent front, VSF (mL) 98 

Volume of the stationary phase, VS = VC-VSF (mL) 227 

Retention of the stationary phase, VS/VC (%) 70 

Retention volume of Compound-1, VR(Compound-1) (mL) 237 

Retention volume of DON, VR(DON) (mL) 360 

Partition coefficient of Compound-1, K(compound-1) = (VR(Compound-
1)-VSF)/(VC-VSF) 

0.61 

Partition coefficient of DON, K(DON) = (VR(DON)-VSF)/(VC-VSF) 1.15 

Separation factor, α=K(DON)/K(Compound-1) 1.89 

Peak width, W(compound-1) (min) 27 

Peak width, W(DON) (min) 50 

Peak resolution, RS =    2(VR(compound-1)-VR(DON))/(W(compound-
1)+W(DON)) 

3.2 

 
 

 

Figure 3.3 Atmospheric pressure chemical ionization-mass spectrometry (APCI-MS) 
spectra (positive mode) of DON (a) and 3-epi-DON (b). 
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3.4.2 Structure characterization of Compound-1 

Combining the information obtained from LC, MS and NMR analysis, the 

structure of Compound-1 was identified as 3-epi-DON.  

Compound-1 and DON eluted at 4.2 min and 5.2 min, respectively, from a C18 

column using a reverse-phase LC method in this study, which indicated that Compound-1 

is more polar than DON (Figure 3.1). From the MS analysis, the MS1 graph indicated that 

both Compound-1 and DON have a molecular weight (MW) of 296 daltons (Figure 3.3). 

MS2 graphs demonstrated that MS fragments of Compound-1 are the same as those of 

DON, but with a different ratio for the signature ions (m/z 297, 279, 267, 261, 249 and 

231). These characters, i.e. same molecular weights, different retention times in the LC 

programs, and same MS fragments but in different patterns, have been consistently 

observed in several racemic isomers, especially in epimers. For example, the phycotoxin 

37-azaspiracid-1 was more polar and eluted earlier than its epimer 37-epi-azaspiracid-1 

from a C18 column in a reverse-phase LC analysis. Mass spectra of 37-azaspiracid-1 and 

37-epi-azaspiracid-1 showed different ratios for two signature ions (Kilcoyne et al., 

2014). Similarly, (+)-catechin and (-)-epicatechin were found to have different retention 

times in LC programs and different MS patterns (Donovan et al., 1999; Harada et al., 

1999). 

NMR data provided detailed information on connections of functional groups in 

Compound-1. All NMR assignments were confirmed by 1D and 2D NMR spectroscopy 

(Table 3.3, Figures 3.4 and 3.5). A comparison of the NMR data for DON facilitated the 

structural identification of Compound 1. 1H-NMR of DON was consistent with previous 

studies (Cole et al., 2003; Shima et al., 1997). The 1H-NMR spectrum of Compound-1 is 

similar to that of DON, except for H-3, H-4s and H-11.The structure of this compound 

was proposed as epi-DON, since the changing pattern of the chemical shifts of two H-4s 

was similar to that in other epimers, such as the H-4s in catechin and epicatechin pairs 

(Donovan et al., 1999; Harada et al., 1999). Specifically, when H-3 changes from an 

axial (in the case of DON) to an equatorial position, the two protons on C-4 are the most 

affected; H-4ax is highly shielded and moves to further upfield, and H-4eq is deshielded 

by 3-OH and moves to further downfield when compared to the corresponding H-4ax and 
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H-4eq in DON (Donovan et al., 1999; Harada et al., 1999). Also, the splitting pattern of 

H-2 changed from doublet to singlet due to this conformational change. In addition, the 

chemical shift of H-11 moved upfield due to the spatial distance of OH-3 and H-11 

(Table 3.3). The 1H NMR assignment of 3-epi-DON has also been confirmed by 2D-

NMR and NOE tests. In the 2D-NMR, the 1H-1H and 1H-13C correlations have been 

unambiguously assigned (Figure 3.4). Furthermore, when H-3 was irradiated, a strong 

NOE for H-2, H-11 and H-4eq and the absence of NOE effect for H-4ax were found. In 

contrast, when the H-3 in DON was irradiated, a strong NOE for H-2 and H-4ax and the 

absence of NOE effect for H-4eq were observed (Figure 3.5). Together these data support 

that Compound 1 is an epimer of DON, named 3-epi-DON (Zhou and He, 2009; Zhou 

and He, 2010). The structure was confirmed by Ikunaga et al. (2011). 

 
 
Table 3.3 Proton NMR data of DON and 3-epi-DON obtained using a Bruker Avance-
600 spectrometer. 

 

Position DON  Compound 1 
 δa (J)  δa (J) 
2 3.524 (d, 4.8)  3.558 (s) 
3 4.356 (td, 10.8, 4.8, 4.2)  4.342 (dd, 7.2, 3.6) 
4 2.435 (dd, 14.4, 4.8)   3.054 (dd, 15.0, 7.2) 
 1.948 (dd, 14.4, 10.8)  1.466 (dd, 15.0, 3.6) 
5                             
6    
7 4.787 (s)  4.725 (s) 
8    
9    
10 6.591 (dd, 6.0, 1.2)  6.519 (dd, 6.0, 1.2) 
11 4.932 (d, 5.4)  4.366 (d, 6.0) 
12    
13 3.088 (d, 4.8)   3.058 (d, 4.2)  
 3.051 (d, 4.8)  3.030 (d, 4.2) 
14 1.099 (3H, s)  1.185 (3H, s) 
15 3.754 (d, 12.6)   3.732 (d, 12.0)  
 3.675 (d, 12.0)  3.628 (d, 12.0) 
16 1.823 (3H, s)  1.808 (3H, s)  

  
a δ—chemical shift in ppm; splitting patterns and the coupling constant J values (Hz) are 
in parentheses. The main differences between these two compounds are in bold. 
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Figure 3.4 Two-dimensional NMR tests of DON and 3-epi-DON and 13C NMR test of 3-
epi-DON were conducted using a Bruker Avance-400 spectrometer. 
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Figure 3.5 The parallel nuclear overhauser effect (NOE) tests of DON and 3-epi-DON 
were conducted using a Bruker Avance-400 spectrometer. 
(Note: The peak of 3.3 ppm is water.) 
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Tanner et al. (2002) summarized three approaches to epimerization: 1) reacting at 

an activated stereocenter (e.g., an acidic proton) and involving a deprotonation-and-

reprotonation process; 2) reacting at an unactivated stereocenter and involving an 

elimination-and-addition of uridine diphosphate (UDP) process; 3) reacting at an 

unactivated stereocenter and involving retroaldol and aldol processes. The first approach 

is the main mechanism of epimerization and is influenced by acid and base conditions; 

however, the 3-C structure is unlikely to have an activated stereocenter. In the second 

approach, oxidation of an adjacent hydroxyl group is generally observed. In this study, 

formation of 4-keto-DON was not observed, therefore, it may not be the mechanism. In 

the third approach, a retroaldol and aldol reaction, a carbon-carbon bond cleavage occurs 

between the stereogenic center and an adjacent carbon, a carbonyl group forms at the 

stereogenic center, and a reorientation would likely result in two configurations with a 

1:1 ratio. In this study, a 1:1 ratio for DON:3-epi-DON was not observed in the final 

transformation products. Therefore, further studies are needed to probe the mechanism of 

epimerization of DON to 3-epi-DON.   

 

3.4.3 Purification and structure identification of 3-keto-DON 

Prep-LC equipment and methods for 3-keto-DON were similar to those described 

by He et al. (2008), but used a different prep-LC program. The stationary phase of the 

above HSCCC method was removed under vacuum. The major chemical in the resulting 

extract was 3-keto-DON, which was relatively pure. After a simple prep-LC process, 

fractions were collected and 3-keto-DON obtained. The structural identity of the purified 

3-keto-DON was confirmed by matching the retention time and UV and MS spectral data 

with the 3-keto-DON standard (He, 2008).     
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Figure 3.6 Liquid chromatography (LC) chromatograms of the crude extract on HSCCC 
stationary phase after separation:  (a) Separation on a Luna C18 150×4.6 mm, 5 mm 
column with 1 µL injection, LC conditions: mobile phase was 35% methanol isocratically 
at a flow rate of 1.0 mL/min, detection wavelength was set at 218 nm; (b) Separation on a 
Luna C18 150×21.2 mm, 5 mm, column with 300 µL injection, LC conditions: mobile 
phase was 35% methanol isocratically at a flow rate of 20 mL/min, detection wavelength 
was set at 254 nm (Note: the scale of (b) in this figure did not reflect the absolute 
absorbance; the prep-LC graph was only recorded up to 7 min). 
 
 

3.4.4  Yields of 3-epi-DON and 3-keto-DON 

The structural identities of 3-epi-DON and 3-keto-DON were confirmed by 

matching the retention time, UV-Vis and MS spectral data (Figures 3.1 and 3.3; He, 

2008). Purities of 3-epi-DON and 3-keto-DON were evaluated by UV-Vis full-

wavelength-3D scan and MS analysis (total ions). Isolated 3-keto-DON was compared to 

its standard (He, 2008). For 3-epi-DON, concentrations were first determined by using a 

DON standard curve. The UV spectra of 3-epi-DON and DON were considered identical 

(in both shape and intensity), therefore, it is appropriate to use a DON standard curve to 

determine 3-epi-DON purity. The calculated purity was further confirmed by the fact that 

3-epi-DON and DON at the same concentration had the same UV absorbance (peak 

areas) in a LC-UV/Vis analysis. In this study, 100 mg DON was applied, 56 mg of 3-epi-

DON with a purity of 96.8% was obtained from the HSCCC method, and 1.7 mg of 3-

keto-DON with a purity of 95.1% was obtained from the prep-LC method. At these yields, 
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the recovery rates of Compound-1 from the HSCCC method and 3-keto-DON from the 

prep-LC method were 90% and 68%, respectively.  

 

3.5 Conclusions 

The HSCCC method for purification of 3-epi-DON on a preparative scale 

reported in this study is clearly an improvement over conventional column 

chromatographic techniques. It is a one-step, simplified purification procedure with a 

concurrent pre-separation step for 3-keto-DON. The minimum use of organic solvents in 

both HSCCC and prep-LC methods is a more environmentally-friendly approach. In 

addition, the HSCCC method avoids irreversible adsorption of toxic chemicals to a 

column, it is easily cleaned after use, and is particularly advantageous for the separation 

of 3-epi-DON, DON and 3-keto-DON. These HSCCC and prep-LC methods are valuable 

tools for obtaining relatively large amounts of highly pure DON and its transformation 

products in a short time period and can be used as basis for developing purification 

methods for other (toxic) chemicals. 
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4.1 Abstract 

Control of the mycotoxin deoxynivalenol (DON) remains an important challenge 

in many regions in the world. Microbial detoxification of DON represents a new 

approach to treating DON-contaminated grains and may provide a practical and effective 

solution for treating DON-contaminated products.  A bacterium Devosia mutans 17-2-E-

8 was capable of completely transforming DON under aerobic conditions into a major 

product 3-epi-DON and a minor product 3-keto-DON. Evaluation of toxicities of these 

DON-transformation products is an important part of hazard characterization prior to 

commercialization of an application that may generate these products. Cytotoxicities of 

3-epi-DON and 3-keto-DON were demonstrated by two assays: a cell proliferation 

ELISA (a BrdU assay) using the 3T3 fibroblast cell line to assess DNA synthesis, and a 

MTT bioassay using the Caco-2 cell line to assess cell viability. The IC50 values of 3-epi-

DON and 3-keto-DON were 357 and 3.03 times higher, respectively, than that of DON 

on the basis of the MTT bioassay, and were 1181 and 4.54 times higher, respectively, 

than that of DON on the basis of the BrdU bioassay. Toxicological effects of 14-day oral 

exposure of the B6C3F1 mouse to DON and 3-epi-DON were also investigated. Overall, 

there were no differences between the control (solvent control, sterile 0.9% saline free of 

toxin) and the 25 mg/kg bw/day or 100 mg/kg bw/day 3-epi-DON treatments in body and 

organ weights, haematology and organ histopathology. However, in mice exposed to 

DON (2 mg/kg bw/day), white blood cell numbers and serum immunoglobulin levels 

were altered relative to controls, and lesions were observed in adrenals, thymus, stomach, 

spleen and colon.  It was concluded that 3-epi-DON was at least 50 times less toxic than 

TOXICOLOGY OF 3-EPI-DEOXYNIVALENOL, A 

DEOXYNIVALENOL-TRANSFORMATION PRODUCT BY 

DEVOSIA MUTANS 17-2-E-8 

 CHAPTER 4 
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DON in the B6C3F1 mouse. The reduced toxicity was achieved through epimerization by 

D. mutans 17-2-E-8, and provides a new DON detoxification pathway. 

 

Keywords: Deoxynivalenol, vomitoxin, DON, 3-epi-DON, cytotoxicity, BrdU bioassay, 

3T3 fibroblasts cell line, MTT bioassay, Caco-2 cell line, B6C3F1 mouse 
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4.2 Introduction 

Deoxynivalenol (DON) is a toxic secondary metabolite produced by selected 

Fusarium species and occurs naturally in cereal grains. Contamination of grains with 

DON creates a food safety risk, poses a serious threat to the livestock industry, and 

causes a negative impact on the economy worldwide (Wu, 2004). For detoxification of 

DON-contaminated grains, microbial transformation is considered a promising 

alternative approach to physical/chemical transformation due to advantages such as 

product specificity, mild reaction conditions, feasibility of application in food and feed 

industries, and potential application of detoxification enzymes (He et al., 2010).  In 

previous studies (Chapters 2 and 3), a bacterium Devosia mutans 17-2-E-8 isolated from 

an agricultural soil was capable of transforming DON to 3-epi-DON (major product) and 

3-keto-DON (minor product). One of the potential applications of this DON-transforming 

bacterium is to detoxify DON-contaminated animal feed. Before commercial application 

can be evaluated, characterization of toxicological properties of these DON-

transformation products is a critical step in evaluating the potential of this application.  

Differences in chemical structures of DON, 3-epi-DON and 3-keto-DON suggest 

that there may be differences in their biological activities.  However, information on 3-

epi-DON and 3-keto-DON toxicity is limited.  Reports of toxicological properties of 3-

epi-DON have not been published. There was only one in vitro study available for 3-

keto-DON. Immunosuppression by 3-keto-DON was 90% lower than DON, based on 

inhibition of mitogen-induced and mitogen-free mouse spleen lymphocyte proliferation 

(Shima et al., 1997). To fill this knowledge gap, tests of the toxicological effects of 3-epi-

DON and/or 3-keto-DON on cell proliferation, DNA synthesis and animals are necessary. 

The bioassays assessing metabolic activity (e.g. cleavage of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)) and DNA synthesis (e.g. 

incorporation of 5-bromo-2'-deoxyuridine (BrdU)) have been used to evaluate 

cytotoxicities of DON and other structurally-related trichothecenes (Eriksen et al., 2004; 

Calvert et al., 2005; Kouadio et al., 2005). The MTT bioassay assesses cell viability on 

the capability of viable cells to convert the soluble MTT (yellow) to purple formazan 
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crystals. The dehydroxylation is catalyzed by mitochondrial enzymes and, thus, DON 

cytotoxicity is assessed by inhibition of cellular metabolic activity (Calvert et al., 2005; 

Kouadio et al., 2005). Another widely-used assay is the BrdU bioassay, which is a 

colorimetric immunoassay for quantification of cell proliferation on the basis of the 

incorporation of BrdU during DNA synthesis. The BrdU bioassay was applied to 

compare cytotoxicities of DON, 3-acetyl-DON (3-ADON), 15-acetyl-DON (15-ADON), 

deepoxy-DON (DOM-1), nivalenol (NIV), 4-acetyl-NIV, and deepoxy-NIV (Eriksen et 

al., 2004). Therefore, MTT and BrdU bioassays are suitable for assessing the 

cytotoxicities of 3-epi-DON and 3-keto-DON, considering comparable cytotoxicity data 

for DON are available.  

The toxicity of 3-epi-DON, the major DON-transformation product by the 

bacterium D. mutans 17-2-E-8, has not been characterized using an animal model, which 

is an important part of hazard characterization prior to commercialization of an 

application that may generate 3-epi-DON.  For comparison, there are many short-term 

oral exposure studies of DON available. The effects of DON on male Swiss Webster 

mice were investigated using a 5-week gavage study with a dose range of 0.75 – 7.5 

mg/kg bw/day (Tryphonas et al., 1984; Arnold et al., 1986a). Effects of DON on body 

weight, feed consumption, organs and hematology parameters were noted in several 

feeding studies, including on Sprague-Dawley rats with a duration of 18 weeks and a 

DON diet of up to 6.25 ppm (Arnold et al., 1986a), and 9 weeks and a DON diet of up to 

1.0 mg/kg bw/day (Arnold et al., 1986b), respectively. A 10-week feeding study on male 

Swiss Webster mice was conducted to probe effects of DON on humoral and cellular 

immunity (Tryphonas et al., 1986). To study immunosuppressive properties, male Balb/c 

mice were treated by daily intraperitioneal (i.p.) injection of DON (5 mg/kg bw/day) or a 

diet containing DON (2.5 – 100 ppm) for 1 or 2 weeks (Robbana-Barnat et al., 1988).  

Studies of DON using B6C3F1 mice at various dose levels and durations have 

been conducted to investigate different toxicology endpoints and mechanisms (Forsell et 

al., 1986; Pestka et al., 1986; Forsell et al., 1987; Pestka et al., 1987; Pestka et al., 1990; 

Rasooly and Pestka, 1992; Greene et al., 1994; Bondy et al., 1997; Zhou et al., 1997; 

Banotai et al., 1999; Pestka et al., 2008; Pestka, 2010). Among these studies, adverse 
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effects of DON exposure included reduced body weight and food consumption, reduced 

thymus and spleen weights, or altered immunoglobulin levels, and were detected even at 

the lowest dose level of 2 mg/kg bw/day for 8 weeks (Forsell et al., 1986), at 25 ppm 

DON diet for as little as four weeks (Pestka et al., 1990; Rasooly and Pestka, 1992), at 10 

ppm DON diet for 4 weeks (Greene et al., 1994), at 20 ppm DON diet for as short a time 

as 2 weeks (Banotai et al., 1999), and at 5 ppm DON diet for 8 weeks (Amuzie et al., 

2008). Roughly, a dose of 2 mg/kg bw/day is equivalent to approximately 13 ppm DON 

diet, which is within the above range of 5 – 25 ppm DON diet. Therefore, a 14-day 

gavage study on B6C3F1 mice at a dose level of 2 mg/kg bw/day DON was designed for 

this study as a comparator for 3-epi-DON. 

The objectives of this toxicological study were: 1) to evaluate cytotoxicity of 3-

epi-DON and 3-keto-DON using MTT bioassay (assessing viability) and BrdU bioassay 

(assessing DNA synthesis activity), and 2) to evaluate the toxicological effects of a short 

term oral exposure to 3-epi-DON in mice. Collectively, these studies will determine 

whether 3-epi-DON is less toxic than DON in vitro and in vivo, and  identify possible 

target organs and effects.   

 

4.3 Materials and methods 

4.3.1 Tests to evaluate toxicity of 3-epi-DON: Cell culture 

4.3.1.1 Chemicals 

DON was purified using the high-speed counter-current chromatography (HSCCC) 

technique described in He et al. (2007).  3-epi-DON and 3-keto-DON were purified using 

HSCCC and prep-LC as described in Chapter 3.  For the experiment, DON and 3-epi-

DON were dissolved in Dulbecco’s modified Eagle’s medium (DMEM) and prepared 

immediately prior to the start of the experiment. DMEM, foetal calf serum (FCS), 

penicillin, streptomycin, sodium pyruvate and phosphate buffered saline (PBS), trypsin, 

ethylenediamine tetraacetic acid (EDTA), thiazolyl blue tetrazolium bromide (MTT) and 

dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich.  Human colonic 

carcinoma Caco-2 cells (ATCC No. HTB-37) and Swiss mouse fibroblast NIH/3T3 cells 

(ATCC No. CRL-1658) were obtained from the American Type Culture Collection 

(ATCC).  Cells were grown to confluence in DMEM medium containing 4.5 g/L glucose, 
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10% (v/v) fetal bovine serum, penicillin (100 IU/ml) and streptomycin (100 µg/ml) in a 

humidified incubator at 37 °C in an atmosphere of 95% air and 5% CO2. The passes of 

25-35 and 14-23 for Caco-2 and 3T3 cells were used, respectively. The cells were then 

trypsinized, diluted, added to 96-well plastic culture plates (Corning Costar®, Sigma) and 

incubated in DMEM containing test chemicals.   

 

4.3.1.2 Test of metabolic activity by MTT bioassay 

A MTT method similar to those described in three previous studies was used in 

this study (Cetin and Bullerman, 2005; Kouadio et al., 2005; Sergent et al., 2006). Cells 

were incubated in a humidified incubator at 37 °C in an atmosphere of 95% air and 5% 

CO2.  Caco-2 cells were pre-seeded 24 h in 96 well culture plates with a density of 

35,000 cells/cm2 (0.32 cm2/well) by adding 100 µL 1.1105 cells/mL cell suspension in 

DMEM medium, and then DON, 3-epi-DON or 3-keto-DON in 100 µL fresh DMEM 

medium were added to wells.  Final concentrations ranged from 0.0100-5.00 µg/mL (i.e. 

0.0338-16.9 mmol/L) for DON, 1.00-1000 µg/mL (i.e. 3.38-3378 mmol/L) for 3-epi-

DON, and 0.0100-10.0 µg/mL (i.e. 0.0340-34.0 mmol/L) for 3-keto-DON. MTT was 

dissolved in PBS to make a 5 mg/mL solution, and the resulting solution was filtered 

through a 0.22 µm microbial electrolysis cell (MEC) sterile syringe filter (Fisher).  After 

48 h incubation, 25 µL MTT solution was added to each well of 96 well culture plates 

and incubated for an additional 4 h.  At the end of incubation, the medium was removed, 

and DMSO (200 µL) was added to extract the formazan. After stirring for 1 min, the 

absorbance was determined at 570 nm using a PowerwareTM XS, Universal Microplate 

Spectrophotometer (BIO-TEK® Instruments Inc., Winooski, Vermont, USA). Mean 

values of the absorbance of the six replicate samples at each concentration of test 

chemicals were compared to the mean value of the corresponding control.  The 

experiment was repeated three times. 

 

4.3.1.3 Test of DNA synthesis activity by a cell proliferation ELISA employing BrdU 

incorporation 

A BrdU method similar to that described in Eriksen et al.’s study was used in this 

study (Eriksen et al., 2004). The procedure followed the instruction manual of the cell 
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proliferation ELISA, BrdU (colorimetric) kit (Cat. No. 1164229001, Roche Diagnostics, 

Laval, Quebec, Canada). 3T3 cells were pre-seeded 24 h in 96 well culture plates with a 

density of 31,000 cells/cm2 (0.32 cm2/well) by adding 100 µL 1.0105 cells/mL cell 

suspension in DMEM medium at 37 °C in an atmosphere of 95% air and 5% CO2, and 

then DON, 3-epi-DON or 3-keto-DON in 100 µL fresh DMEM medium was added to 

each well.  Final concentrations ranged from 0.0100-5.00 µg/mL (i.e. 0.0338-16.9 

mmol/L) for DON, 1.00-1000 µg/mL (i.e. 3.38-3378 mmol/L) for 3-epi-DON, and 

0.0100-10.0 µg/mL (i.e. 0.0340-34.0 mmol/L) for 3-keto-DON. After 24 h incubation, 20 

µL 100 µmol/L BrdU labeling solution was added to each well and the culture was 

incubated at 37 °C for an additional 12 h. The pyrimidine analogue BrdU replaces 

thymidine in the DNA of reproducing cells in this labeling period. At the end of the 

incubation, medium was removed. Cells were fixed and the DNA was denatured by 

adding 200 µL/well FixDenat and incubating at room temperature (23 °C) for 30 min. 

Following removal of FixDenat, 100 µL/well peroxidase-conjugated anti-BrdU antibody 

(anti-BrdU-POD) working solution was added to let the BrdU incorporate into newly 

synthesized cellular DNA. This incubation period was 90 min at room temperature.  After 

removal of the reaction solution, the culture was washed with phosphate buffered saline 

(PBS) 3 times, 100 µL substrate solution was added, and the suspension was incubated at 

room temperature for another 30 min.  The absorbance was determined at 370 nm with a 

reference wavelength of 492 nm using a PowerwareTM XS, Universal Microplate 

Spectrophotometer (BIO-TEK® Instruments Inc., Winooski, Vermont, USA).  

Absorbance values correlate to the amount of DNA synthesis and, thereby, to cellular 

proliferation. Mean values of the absorbance of six replicate samples at each 

concentration of test chemicals were compared to the mean value of the corresponding 

control.  The experiment was repeated three times. 

 

4.3.1.4 Effects of DON, 3-epi-DON and 3-keto-DON on cell morphology  

Morphological observation and cell enumeration by inverted microscope was 

conducted at 24 h and 48 h after DON, 3-epi-DON and 3-keto-DON addition for the 

Caco-2 cell line and 3T3 cell line, respectively.  A Leitz Labovert FS trinocular 
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microscope with differential interference contrast (DIC) optics coupled with a high-

resolution Canon EOS 20D digital camera was used for digital photomicroscopy. 

 

4.3.1.5 Calculation and statistical analysis 

In each MTT or BrdU assay, mean values of the absorbance of the six replicate 

samples at each concentration of test chemicals were compared to the mean value of the 

corresponding control. The results were expressed as percent of control response. The 

Shapiro–Wilk test was used to test the normality, and showed the data were  normally 

distributed. IC50 values were calculated using probit analysis (ProStat 4.12, Poly Software 

Inc., Pearl River, NY, USA). Dose-response curves were computer plotted (using Sigma 

Plot 10.0, Systat Software Inc., San Jose, CA, USA). Data are presented as the mean of 

four independent experiments. 

 

4.3.2 Tests to evaluate toxicity of 3-epi-DON to B6C3F1 mice 

4.3.2.1 Chemicals 

DON was purified using the HSCCC description in He et al. (2007).  The 

chemical 3-epi-DON was purified using HSCCC as described in Chapter 3. For the 

experiment, DON and 3-epi-DON were dissolved in sterile 0.9% saline and prepared 

immediately before the experiment started. 

 

4.3.2.2 Animals 

Female B6C3F1 mice (5 weeks old) were obtained from Charles River Canada Inc. 

(Montreal, Canada). Mice were housed in pairs in plastic cages under conditions meeting 

the requirements of the Canadian Council for Animal Care and were acclimatized for one 

week before the start of the study. Teklad Global 14% Protein Rodent Maintenance Diet 

(Harlan Laboratories, Inc., Quebec, Canada) and water were provided ad libitum before 

and throughout the study. 

 

4.3.2.3 Experimental design  

Mice (10/group) were randomly assigned to each of the following treatments:  

Control (solvent control, sterile 0.9% saline free of toxin); 2 mg/kg bw/day DON; 25 
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mg/kg bw/day 3-epi-DON, and 100 mg/kg bw/day 3-epi-DON. There were no 

statistically significant differences in starting body weights among any of the treatment 

groups studied (P > 0.05). Each mouse received a single daily gavage dose with a 20-

gauge stainless-steel gavage needle (Popper and Sons, Inc., New Hyde Park, NY, USA) 

for 14 consecutive days. Body weights were monitored daily throughout the study. Food 

consumption was measured every 3 or 4 days. Feed efficiency was calculated as body 

weight gain divided by food consumption. On the final day of the study, all mice were 

anaesthetized with isoflurane (Baxter Corporation, Ontario, Canada) and exsanguinated 

by cardiac puncture. Organ weights were recorded for heart, liver, kidneys, spleen, and 

thymus. 

 

4.3.2.4 Hematology and clinical chemistry 

Whole blood was collected in EDTA tubes at necropsy for hematology. A Coulter 

ACT 5 Diff Cap Pierce Hematology Analyzer (Beckman Coulter, Mississauga, ON) was 

used to measure the following parameters: red blood cells (RBC), hemoglobin (HGB), 

hematocrit (HCT), mean cell volume (MCV), mean cell hemoglobin (MCH), mean cell 

hemoglobin concentration (MCHC), red cell distribution width (RDW), platelets (PLT), 

mean platelet volume (MPV), white blood cells (WBC), neutrophils (NE), lymphocytes 

(LY), monocytes (MO), eosinophils (EO), and basophils (BA) (Bondy et al., 1997;  

2012). 

An aliquot of whole blood from each mouse was centrifuged at 1050 g for 10 min 

to prepare plasma, which was stored at −80 °C until analysis. Mouse IgA ELISA 

Quantitation Set, Mouse IgG ELISA Quantitation Set, and Mouse IgM ELISA 

Quantitation Set (Bethyl Laboratories Inc., TX, USA) were used to quantify plasma 

immunoglobulin levels (Bondy et al., 1997; 2012). Serum corticosterone levels were 

quantified using a commercial rat corticosterone-rat/mouse ELISA (Immuno-Biological 

Laboratories Inc., Minneapolis, Minnesota, USA). 

 

4.3.2.5 Histology 

Histology analysis was conducted in the Scientific Services Division, Food 

Directorate, Health Products and Food Branch, Health Canada, Ottawa, Ontario, Canada. 
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A gross visual examination was performed on each mouse at necropsy. Adrenals, thymus, 

stomach, spleen, colon, kidneys, femoral bone marrow, heart and liver were fixed by 

immersion in 10% neutral buffered formalin. Samples from the fixed tissues were 

embedded in paraffin and blocked.  The tissue blocks were sectioned to 5 µm, stained 

with hematoxylin and eosin (H&E) according to the method described by Luna (1968), 

and examined by light microscopy.  To screen for immunotoxicity, thymus and spleen 

were evaluated following current recommended practices (Dayan et al., 1998; Haley et 

al., 2005) whereby cell populations within organ compartments and compartmental sizes 

were assessed for lesions. 

 

4.3.2.6 Statistical analysis 

Statistical comparisons were conducted using SigmaStat Version 3.11 for 

Windows (Systat Software, Point Richmond, CA, USA). Data were tested for normality 

using the Kolmogorov–Smirnov method and equal variance (P value to reject was set for 

0.05). Multiple group comparisons of normally distributed data were conducted by One 

Way Analysis of Variance (One Way ANOVA), followed by post hoc pairwise 

comparisons using the Holm–Sidak test or Fisher’s protected least significant difference 

(PLSD). Multiple group comparisons of non-parametric data were conducted using the 

Kruskal–Wallis ANOVA on Ranks, followed by post hoc pairwise comparisons using the 

Dunn’s method. 

 

4.4 Results 

4.4.1 Toxicity of 3-epi-DON and 3-keto-DON: cell culture 

In the MTT and the BrdU bioassays, all tested compounds had a clear response to 

concentration in these assays (Figures 4.1 and 4.2). The values of IC50 and their relative 

values to DON are presented in Table 4.1. In the MTT bioassay, IC50 values of 3-epi-

DON and 3-keto-DON were 146 and 1.24 µg/mL, respectively, which were 357 and 3.03 

times higher than that of DON (0.409 µg/mL). In the BrdU bioassay, IC50 values of 3-

epi-DON and 3-keto-DON were 281 and 1.08 µg/mL, respectively, which were 1181 and 

4.54 times higher than that of DON (0.238 µg/mL). 
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Figure 4.1 The effect of DON, 3-epi-DON and 3-keto-DON on metabolic activity in 
Caco-2 cells at various concentrations in the MTT bioassay. The values are expressed as 
percent of control response and each value is a result of four experiments with six 
replications. Bars represent standard deviations. 
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Figure 4.2 The effect of DON, 3-epi-DON and 3-keto-DON on DNA synthesis in 3T3 
mouse fibroblasts at various concentrations in the BrdU bioassay. The values are 
expressed as percent of control response and each value is a result of four experiments 
with six replications. Bars represent standard deviations.
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Table 4.1 Inhibitory concentration 50 (IC50) values for DON, 3-epi-DON and 3-keto-DON in Caco-2 cells exposed for 48 hr 
measured by MTT bioassay, and in 3T3 mouse fibroblasts exposed for 24 hr measured by BrdU bioassay. 
 

Compound 

MTT bioassay  BrdU bioassay 

IC50  IC50 relative to DON  IC50  IC50 relative to DON 

µg/mL (95% 
confidence interval) 

 Mass 
concentration1 

Molar 
concentration2 

 µg/mL (95% 
confidence interval) 

 Mass 
concentration1 

Molar 
concentration2 

DON 0.409 (0.324, 0.518)  ---- ----  0.238 (0.162, 0.349)  ---- ---- 

3-epi-DON 146 (100, 212)  357 357  281 (156, 505)  1181 1181 

3-keto-DON 1.24 (0.942,1.62)  3.03 3.05  1.08 (0.681, 1.72)  4.54 4.57 

1: IC50 relative to DON expressed using mass concentration = IC50 (test chemical) / IC50 (DON). 
2: IC50 relative to DON expressed using molar concentration = [IC50 (test chemical)/MW (test chemical)] / [IC50 (DON)/MW (DON)]. Molecular 
weights (MWs) of DON, 3-epi-DON and 3-keto-DON are 296, 296 and 294, respectively. 
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4.4.2 Toxicity of 3-epi-DON to B6C3F1 mice  

4.4.2.1 General observations  

All mice were outwardly healthy in appearance and behavior for the duration of 

the study. 

 

4.4.2.2 Body weight gain, relative organ weights, and food consumption  

There were no differences in starting body weights among all treatment groups 

including the Control (P > 0.05). The final body weights of mice in the treatment of 2 

mg/kg bw/day DON appeared lower (P = 0.095) than those of the Control, 25 mg/kg 

bw/day 3-epi-DON, and 100 mg/kg bw/day 3-epi-DON treatments, however, were not 

statistically significant (Figure 4.3, Table 4.2).  

There was no difference between the Control and the two 3-epi-DON treatments 

in all organ weights (expressed relative to final body weights). In the 2 mg/kg bw/day 

DON treatment group, heart (P = 0.111) and spleen (P = 0.094) weights were not 

different from the Control, while liver (P < 0.001) and kidney (P < 0.001) weights were 

higher and thymus weights (P < 0.001) were lower than those of the Control (Table 4.2). 

Mice of all groups consumed a total of 40.5 – 44.3 g feed during the 14-day 

experimental period. No statistically significant differences were observed in food 

consumption or feed efficiency (food consumed/body weight) of all treatment groups. 

18.50

19.00

19.50

20.00

20.50

21.00

21.50

22.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Control

2 mg/kg bw  DON

25 mg/kg bw  3-epi-DON

100 mg/kg bw  3-epi-DON

 

Figure 4.3 Cumulative body weights of B6C3F1 mice gavaged with water, DON and 3-
epi-DON (n = 10 mice.). 
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Table 4.2 Body and organ weights of B6C3F1 mice gavaged with water, DON and 3-epi-DON. (All data  expressed as mean 
(standard error of the mean) in g for n = 10 mice.) 

Treatment 

Starting 
body 
weight 
(g) 

Final 
body 
weight 
(g) 

Total 14 d 
food 
consumption 
(g) a 

Feed efficiency  
(Body weight 
gain/ Food 
Consumption) 

Relative liver 
weight (liver 
weight/final 
body weight) 

Relative 
spleen weight 
(spleen 
weight/final 
body weight) 

Relative 
thymus weight 
(thymus 
weight/final 
body weight)  

Relative heart 
weight  (heart 
weight/final 
body weight) 

Relative 
kidneys weight 
(kidneys 
weight/final 
body weight)  

Control 
19.6  
(0.3) 

21.4  
(0.5) 

88.7  
(2.2) 

0.0385  
(0.0085) 

0.0444  
(0.0014) 

0.00347  
(0.00032) 

0.00249 
(0.00014) b 

0.00437 
(0.00017) 

0.0108 
 (0.0003)c 

DON 
2 mg/kg 
bw/day 

19.3  
(0.3) 

20.3  
(0.3) 

81.1  
(2.5) 

0.0252  
(0.0075) 

0.0522  
(0.0017)d 

0.00280  
(0.00012) 

0.00110 
(0.00008)d 

0.00474 
(0.00011) 

0.0124  
(0.0003) d 

3-epi-
DON  
25 mg/kg 
bw/day 

19.3  
(0.2) 

21.4   
(0.4) 

85.9  
(1.7) 

0.0475  
(0.0082) 

0.0426  
(0.0009) 

0.00295  
(0.00013) 

0.00261 
(0.00014) 

0.00447 
(0.00009) 

0.0107  
(0.0002) 

3-epi-
DON   
100 
mg/kg 
bw/day 

19.9 
(0.2) 

21.7  
(0.4) 

85.8  
(1.7) 

0.0413  
(0.0052) 

0.0442  
(0.0012) 

0.00297  
(0.00012) 

0.00263 
(0.00010) 

0.00439 
(0.00008) 

0.0104  
(0.0002) 

P value 0.343 0.095 0.111 0.232 <0.001 0.094 <0.001 0.111 <0.001 

a: Values of food consumption were calculated using data from 5 cages (10 animals in a treatment group and two in a cage). 
b: A thymus of the control was not collected (n=9). 
c: The unusual kidney of one of the control mice was not taken into account (n=9). 
d:  indicates means significantly different from corresponding controls using ANOVA followed by post hoc pairwise comparisons using the Holm-Sidak test (P < 0.05). 
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4.4.2.3 Haematology and clinical chemistry 

There were no significant differences in haematology parameters between the 

Control and the two 3-epi-DON treatments (25 and 100 mg/kg bw/day) (Table 4.3).   

However, some haematology parameters in the 2 mg/kg bw/day DON treatment 

group were altered relative to controls. White blood cell count (WBC), mean platelet 

volume (MPV), lymphocytes (LY) and lymphocyte number (LY#) in the DON treatment 

group were higher than those of the Control. Red blood cell distribution width (RDW) in 

the DON treatment was larger than those of the two 3-epi-DON treatment groups, but not 

the Control. Neutrophils (NE) and monocytes (MO) of the DON treatment were lower 

than those of the Control and the two treatments with 3-epi-DON (Table 4.3). 

There were no differences in levels of immunoglobulin (Ig) A, IgG and IgM 

between the Control and the two 3-epi-DON treatments (25 and 100 mg/kg bw/day). In 

the 2 mg/kg bw/day DON treatment, total IgA, IgG and IgM levels were all lower than 

those of the Control. Total IgA levels were lower in mice exposed to DON compared to 

mice exposed to 3-epi-DON 100 mg/kg bw/day, but not mice exposed to 3-epi-DON 25 

mg/kg bw/day. Total IgG and IgM levels of mice in DON treatment were lower than 

those of mice in 3-epi-DON treatments (25 and 100 mg/kg bw/day) (Table 4.4). 

The median levels of corticosterone in Control, 2 mg/kg bw/day DON, 25 mg/kg 

bw/day 3-epi-DON and 100 mg/kg bw/day 3-epi-DON groups were 147.8, 156.0, 106.6 

and 112.3 ng/mL, respectively. There were no statistically significant differences among 

the treatments (Figure 4.4).   
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Table 4.3 Comparison of haematology results for B6C3F1 mice gavaged with water, DON and 3-epi-DON (All haematological 
data were expressed as mean (standard error of the mean) for n = 10 mice.) 

Treatment 
WBC 

(109/L) 

RBC 

(1012/L) 

HGB 

(g/L) 

HCT 

(L/L) 

MCV 

(fL) 

MCH 

(pg) 

MCHC 

(g/L) 

RDW 

(%) 

PLT 

(109/L) 

MPV 

(fL) 

NE 

(%) 

LY 

(%) 

MO 

(%) 

EO 

(%) 

BA 

(%) 

NE# 

(109/L) 

LY# 

(109/L) 

MO# 

(109/L) 

EO# 

(109/L) 

BA# 

(109/L) 

Control 
1.55 
(0.1) 

4.47 
(0.06) 

68.4 
(0.9) 

0.215 
(0.003) 

47.9 
(0.3) 

15.3 
(0.1) 

319.2 
(0.9) 

11.9 
(0.3) 

348.7 
(12.3) 

5.84 
(0.3) 

31.04 
(1.9) 

66.56 
(2.1) 

1.71 
(0.2) 

0.490 
(0.2) 

0.200 
(0.04) 

0.478 
(0.0413) 

1.04 
(0.08) 

0.0280 
(0.005) 

0.00700 
(0.004) 

0.00100 
(0.001) 

DON         2 
mg/kg 
bw/day 

2.23 b 
(0.2) 

4.39 
(0.1) 

66.5 
(1.8) 

0.209 
(0.005) 

47.4 
(0.2) 

15.1 
(0.07) 

318.6 
(1.3) 

12.4 c,d 
(0.2) 

385.8 
(20.4) 

7.30b,c 
(0.4) 

16.98b,c,d 
(1.2) 

81.56b,c,d 
(1.1) 

1.13 b 
(0.28) 

0.200 
(0.04) 

0.130 
(0.02) 

0.372  
(0.0334) 

1.82b,c,d 
(0.1) 

0.0230 
(0.006) 

0.00500 
(0.002) 

0.00200 
(0.001) 

3-epi-DON 
25 mg/kg 
bw/day 

1.80 
(0.2) 

4.71 
(0.2) 

72.2 
(2.7) 

0.227 
(0.009) 

48.3 
(0.2) 

15.3 
(0.08) 

318.1 
(1.2) 

11.4 
(0.09) 

350.0 
(11.9) 

5.99 
(0.4) 

28.83 
(1.1) 

68.48 
(1.0) 

2.09 
(0.2) 

0.390 
(0.1) 

0.210 
(0.03) 

0.505 
(0.0450) 

1.24 
(0.1) 

0.0380 
(0.005) 

0.00500 
(0.004) 

0.00300  
(0.002) 

3-epi-DON 
100 mg/kg 

bw/day 

1.79 
(0.2) 

4.51 
(0.03) 

69.0 
(0.4) 

0.217 
(0.001) 

48.2 
(0.1) 

15.3 
(0.06) 

317.3 
(1.1) 

11.2  
(0.2) 

348.8 
(9.2) 

6.22 
(0.3) 

26.62 
(0.8) 

71.02 
(0.9) 

1.76  
(0.2) 

0.380  
(0.1) 

0.220 
(0.05) 

0.476 
(0.0401) 

1.29 
(0.1) 

0.0290 
(0.003) 

0.00700 
(0.004) 

0.00200 
(0.001) 

P value 0.037 0.214 0.129 0.103 0.054 0.245 0.681 <0.001 0.186 0.025 <0.001 <0.001 0.043 0.563 0.311 0.113 <0.001 0.200 0.956 0.763 

a.Abbreviations: 
WBC: White blood cell count; RBC: Red blood cell count; HGB: Hemoglobin; HCT: Hematocrit; MCV: Mean corpuscular volume; MCH: Mean corpuscular hemoglobin; MCHC: Mean corpuscular hemoglobin 
concentration; RDW: Red blood cell distribution width; PLT: Platelet; MPV: Mean platelet volume; NE: Neutrophils; LY: Lymphocytes; MO: Monocytes; EO: Eosinophils; BA: Basophils 
b: indicates means significantly different from corresponding controls, using ANOVA followed by post hoc pairwise comparisons using the Holm-Sidak test (P < 0.05). 
c: indicates means significantly different from corresponding 3-epi-DON 25 mg/kg bw/day, using ANOVA followed by post hoc pairwise comparisons using the Holm-Sidak test (P < 0.05). 
d: indicates means significantly different from corresponding 3-epi-DON 100 mg/kg bw/day, using ANOVA followed by post hoc pairwise comparisons using the Holm-Sidak test (P < 0.05). 
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Table 4.4 Haematology results for B6C3F1 mice gavaged with water, DON and 3-epi-
DON (n = 10 mice). 

Treatment 

IgA (ng/mL) IgG a (ng/mL) IgM (ng/mL) 

Mean 
Standard 

error of the 
mean 

Mean 
Standard 

error of the 
mean 

Mean 
Standard 

error of the 
mean 

Control 1.95×105 3.3×104 2.51×105 2.8×104 3.20×105 5.7×104 

2 mg/kg bw/day 
DON 

9.98×104 b 8.9×103 1.60×105 b 1.5×104 1.12×105 b 1.1×104 

25 mg/kg bw/day 
3-epi-DON 

1.56×105 8.1×103 2.42×105 1.7×104 2.46×105 3.2×104 

100 mg/kg 
bw/day 3-epi-

DON 
1.67×105 1.8×104 2.43×105 2.7×104 2.33×105 2.8×104 

P value 0.015 0.020 0.003 

a: In the test for IgG, n = 9 mice in the control group. 
b: indicates significantly different from corresponding controls using ANOVA followed by all pairwise 
multiple comparison procedures (Fisher’s PLSD Method (P < 0.05). 
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Figure 4.4 Box and whisker plot of corticosterone concentrations of B6C3F1 mice 
gavaged with water, DON and 3-epi-DON (n = 10 mice): (1) Control, (2) 2 mg/kg 
bw/day DON, (3) 25 mg/kg bw/day 3-epi-DON, and (4) 100 mg/kg bw/day 3-epi-DON. 
In this test, data were not normally distributed. Therefore, median values were used for 
the skewed distribution. Levels of 25%, median, and 75% are presented. 
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4.4.2.4 Histopathology 

A histopathological assessment was conducted to identify treatment-related 

changes in the adrenal, thymus, stomach, spleen, colon, kidney, heart and liver tissues of 

all tested mice. There were no significant gross lesions found at necropsy. One kidney of 

a mouse in the Control group was firm and white. The liver of a mouse in the 2 mg/kg 

bw/day DON treatment group was pale. 

There were no lesions found in any organs from mice in the Control or the two 3-

epi-DON treatment groups (25 and 100 mg/kg bw/day).   

However, lesions were detected in adrenal, thymus, stomach, spleen, and colon 

from  mice in the 2 mg/kg bw/day DON treatment group. Mild to marked cortical atrophy 

was detected in eight of the nine available thymus samples. The cortices of these eight 

thymuses were generally hypocellular; however, some contained small lymphocytes 

which tended to occur in small to larger contiguous clusters, which may be considered as 

regeneration (Figure 4.5).  Mild vacuolization and variable necrosis of cortical zona 

fasciculata cells were detected in six of the ten adrenals (Figure 4.6). In six of the ten 

spleens, periarteriolar lymphoid sheath (PALS), follicles, and marginal zones were found 

normal in cellular density and cell types; however, areas of these regions were mildly 

decreased. One of the six spleens had increased extramedullary erythropoiesis throughout 

the red pulp (pictures not shown). Generally, diffuse mild mucosal hyperplasia was 

detected in the nonglandular portion or forestomach (Figure 4.7). In the glandular region, 

the lesions were characterized by atrophy of surface foveolar and glandular chief and 

parietal cells, with mild glandular dilation. There was mild vacuolization of parietal and 

chief cells accompanying the atrophy (Figure 4.8). Mild atrophy of surface columnar 

epithelial cells and glandular epithelial cells was detected in five of the nine available 

colons (Figure 4.9). 

 



 

85 
 

 
 

Figure 4.5 Effects of 14-day DON and 3-epi-DON treatments on thymus.  
Female B6C3F1 mice were  exposed by gavage to DON (2 mg/kg bw/day), 3-epi-DON 
(100 mg/kg bw/day) or sterile saline (control animals). Thymus of (1) a control mouse, 
100x; (2) a DON treated-mouse (2 mg/kg bw/day), 100x; and (3) a 3-epi-DON treated-
mouse (100 mg/kg bw/day), 100x.  
(1), (3) normal thymus architecture, (2) Marked involution with aggregates of 
regenerating small lymphocytes in cortex and medulla (arrow indicated). 
 

 
 
Figure 4.6 Effects of 14-day DON and 3-epi-DON exposure on adrenal tissues.  
Female B6C3F1 mice were exposed by gavage to DON (2 mg/kg bw/day), 3-epi-DON 
(100 mg/kg bw/day) or sterile saline (control animals). Adrenal of (1) a control mouse, 
100x; (2) a DON treated-mouse (2 mg/kg bw/day), 200x; and (3) a 3-epi-DON treated-
mouse (100 mg/kg bw/day), 100x.  
(1), (3) normal adrenal architecture. (2) Multifocal acute necrosis (arrow indicated) and 
vacuolation (arrow head indicated) of cortical zona fasciculata sparing zona glomerulosa 
(rectangle indicated). 
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Figure 4.7 Effects of DON and 3-epi-DON treatments at day 14 on stomach 
(nonglandular). Female B6C3F1 mice were exposed by gavage to DON (2 mg/kg 
bw/day), 3-epi-DON (100 mg/kg bw/day) or were kept as control animals. Stomach 
(nonglandular) of (1) a control mouse, 100x; (2) a DON treated-mouse (2 mg/kg bw/day), 
100x; and (3) a 3-epi-DON treated-mouse (100 mg/kg bw/day), 100x.  
(1), (3) normal stomach (nonglandular) architecture. (2) Diffuse mild squamous cell 
hyperplasia (bracket indicated) and mild transmural leukocytic infiltration (arrow 
indicated). 
 
 
 
 

 
 
Figure 4.8 Effects of DON and 3-epi-DON treatments at day 14 on stomach (glandular).  
Female B6C3F1 mice were exposed by gavage to DON (2 mg/kg bw/day), 3-epi-DON 
(100 mg/kg bw/day) or were kept as control animals. Stomach (glandular) of (1) a control 
mouse, 100x; (2) a DON treated-mouse (2 mg/kg bw/day), 200x; and (3) a 3-epi-DON 
treated-mouse (100 mg/kg bw/day), 100x.  
(1), (3) normal stomach (glandular) architecture. (2) Atrophy of surface and glandular 
epithelial cells (arrow indicated) with mild glandular dilation (bracket indicated). 
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Figure 4.9 Effects of DON and 3-epi-DON treatments at day 14 on colon. Female 
B6C3F1 mice were exposed by gavage to DON (2 mg/kg bw/day), 3-epi-DON (100 
mg/kg bw/day) or were kept as control animals. Colon of (1) a control mouse, 100x; (2) a 
DON treated-mouse (2 mg/kg bw/day), 100x; and (3) a 3-epi-DON treated-mouse (100 
mg/kg bw/day), 100x.  
(1), (3) normal colon architecture.  (2) Atrophy of surface and glandular epithelial (arrow 
indicated) and goblet cells (arrow head indicated) with mild glandular dilation and focal 
ulceration (circle indicated). 

 

4.5 Discussion 

4.5.1 Cytotoxicity of 3-epi-DON and 3-keto-DON 

The IC50 values of DON in this study were comparable to the results of other 

previous studies. DON affected cell viability as revealed by the MTT-Caco 2 cell 

bioassay with an IC50 of 0.409 µg/mL, compared to 1.02 µg/mL in Cetin and Bullerman’s 

study (2005) and 1.480 µg/mL in Kouadio et al.’s study (2005). DON affected DNA 

synthesis as revealed by the BrdU-3T3 fibroblast cell bioassay with an IC50 of 0.238 

µg/mL in this study, compared to 0.444 µg/mL in Eriksen et al.’s study (2004) and 0.229 

µg/mL (=775 nmol/L) in Abbas et al.’s study (2013). The IC50 values of 3-keto-DON 

were 3.03 and 4.54 times higher than those of DON based on the MTT bioassay and the 

BrdU bioassay, respectively. These results were similar to those of Shima et al. (1997), 

who concluded that immunosuppression by 3-keto-DON was 90% lower than that of 

DON based on changes in mitogen-induced and mitogen-free mouse spleen lymphocyte 

proliferation. 

The major DON-transformation product, 3-epi-DON, was less toxic than DON. 

The IC50 values of 3-epi-DON were 357 and 1181 times higher than that of DON based 

on the MTT bioassay and the BrdU bioassay, respectively. Based on their physical 
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properties, 3-epi-DON is more hydrophilic than DON and its octanol-water partition 

coefficient (Kow) is smaller. Thus, it may be anticipated that less 3-epi-DON than DON 

would pass through cell membranes, bind to ribosomes and activate mitogen-activated 

protein kinases (MAPKs), a process known as “ribotoxic stress response” (Pestka, 2008; 

2010). Based on the results of MTT and BRDU assays, the structure-activity relationship 

and toxicity of DON and 3-epi-DON was further evaluated using an in vivo model.  

 

4.5.2 Toxicity of 3-epi-DON to B6C3F1 mice 

In the 14-day gavage study, there were no statistically significant differences 

between the Control and the 25 mg/kg bw/day or 100 mg/kg bw/day 3-epi-DON 

treatments in body and organ weights, food consumption, haematology and clinical 

chemistry and organ histopathology (P > 0.05). Therefore, it was concluded that 3-epi-

DON was at least 50 times less toxic than DON in the B6C3F1 mouse, based on the 

highest test dose (100 mg/kg bw/day 3-epi-DON) versus 2 mg/kg bw/day DON treatment. 

  

4.5.3 Toxicological findings in B6C3F1 mice exposed to 2 mg/kg bw/day DON 

Overall, toxicological findings due to treatment with 2 mg/kg bw/day DON were 

in agreement with many published studies (Tryphonas et al., 1984, Arnold et al., 1986a; 

Forsell et al., 1986; Robbana-Barnat et al., 1988), although there were some differences 

that may be attributed to variations in animal species, age and sex, as well as dose and 

exposure regimen used. 

 

4.5.3.1 Body weight and feed consumption 

Short-term exposure of rodents to DON causes decreased body weight, weight 

gain and feed consumption (Pestka, 2010). Food intake by BALB/c mice was decreased 

at all tested doses (0.35-6.5 mg/kg bw/day) in a 7-day feeding study (Robbana-Barnat et 

al., 1987). In a 35-day gavage study in Swiss-Webster-derived male weanling mice, 

decreased food consumption and body weight were seen at doses of 0.75, 2.5 and 7.5 

mg/kg bw/day (Arnold et al., 1986a). In an 8-week dietary study using B6C3F1 mice, 

feed refusal and reduction in body weight gain were detected at a dose as low as 2 ppm in 

diet (Forsell et al., 1986). In a 13-week feeding study  in female B6C3F1 mice using a 
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diet containing 20 ppm DON (approximately equivalent to 3 mg/kg bw/day), reduced 

body weight gains were noted as early as 2 weeks (Banotai et al., 1999). In this study, 

apparent reductions in body weight, weight gain and feed consumption in the 2 mg/kg 

bw/day DON treatment relative to controls were not statistically significant, which is 

likely due to a relatively shorter exposure duration and a lower accumulative DON 

exposure (total dose) compared to the above studies.  

 

4.5.3.2 Organ weight, haematology and histopathology findings  

In this study, reduced thymus weight, and lesions in adrenal, thymus, stomach, 

spleen, and colon were observed in mice gavaged with 2 mg/kg bw/day DON.  These 

observations were in agreement with other studies at comparable dose levels, in which 

reduced thymus weight (Tryphonas et al., 1984, Forsell et al., 1986; Robbana-Barnat et 

al., 1988), reduced spleen weight (Tryphonas et al., 1984; Arnold et al., 1986a; Forsell et 

al., 1986), gastro-intestinal irritation (Arnold et al., 1986a), and altered blood cell 

populations were observed (Forsell et al., 1986). In a 35-day gavage study using Swiss-

Webster-derived male weanling mice, reduced thymus and spleen weights were seen at 

doses of 2.5 and 7.5 mg/kg bw/day. Lesions in the spleen, thymus, lymph nodes, and 

gastrointestinal tract were found in mice treated with DON at 2.5 mg/kg bw/day. 

Haematological parameters were also affected at this dose. Atrophied thymuses and 

spleens were observed at 7.5 mg/kg bw/day (Arnold et al., 1986a). Lesions in the non-

glandular stomach, thymus (e.g., lymphoid depletion) and spleen (e.g., splenic 

haematopoiesis) were detected in rats exposed to 5.0 mg/kg bw/day DON for 28 days via 

gastric intubation (Sprando et al., 2005). 

Increased liver and kidney weights observed in this study were in agreement with 

other studies. For example, increased liver weights were observed in mice given DON 

8.87 mg/kg bw 3 days/week for 4 weeks (Gouze et al., 2003), as well as the liver-body 

and kidney-body weight ratios were observed in pregnant rats gavaged with DON once 

daily on gestation days at doses as low as 1 mg/kg bw/day (Collin et al., 2006). A dose-

dependent increase in the relative weights of liver were observed in mice given DON 

0.83-7.5 mg/kg bw for 8 days (Kim et al., 2007). However, conflicting results were 

observed in some other studies (NTP, 2009). For example, the liver did not appear to be a 
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target organ for DON (Forsell et al., 1987), nor there were any effects on organ weight or 

organ-body weight ratios in rats or mice in other studies (Sprando et al., 2005; Gouze et 

al., 2006).  

 

4.5.3.3 DON-modulated immune dysregulation 

DON is known to cause immunotoxicity in animals and ribotoxic stress response 

is an underlying mechanism of DON immunotoxicity (Bondy and Pestka, 2000; Pestka, 

2010). DON inhibits or stimulates immune responses, depending on dose, timing, 

exposure frequency and on functional immunological endpoints. For example, low dose 

DON exposure upregulates expression of cytokines, chemokines and inflammatory genes, 

and stimulates immune responses, whereas high dose DON exposure induces leukocyte 

apoptosis and immune suppression (Pestka et al., 2004). As one of the primary lymphoid 

organs, thymus was examined. Marked involution with aggregates of regenerating small 

lymphocytes in the thymic cortex of mice exposed to DON was consistent with DON-

mediated immunotoxicity (Arnold et al., 1986a; Robbana-Barnat et al., 1988). Secondary 

lymphoid structures, including the spleen and the mucosa-associated lymphoid tissue 

(e.g., GI tract including the stomach and the colon), were also investigated. In spleens of 

mice exposed to DON, atrophic changes were characterized by smaller areas of 

periarteriolar lymphoid sheaths, follicles, and marginal zones, with preservation of cell 

densities. These immunotoxic lesions in thymus, spleen and the GI tract are consistent 

with other studies and demonstrated that DON is immunotoxic and causes 

immunostimulation or immunosuppression (Arnold et al., 1986a; Robbana-Barnat et al., 

1988; Pestka and Smolinski, 2005; Sprando et al., 2005). In this study, mild to marked 

toxicant-induced atrophy in lymphoid organs may contribute to increased IgA and 

decreased IgG and IgM, which are characteristic of exposure to higher levels of DON, e.g. 

25 mg/kg in diet for 8 weeks (Dong and Pestka, 1993; Greene et al., 1994).  

 Reduced body weights, body weight gain, food intake, thymus weight or spleen 

weight can be characteristic of either DON toxicological effects or stress response 

(Everds et al., 2013). In certain cases, experimental stress unrelated to direct toxicity can 

have far-reaching physiologic effects on rodents in toxicology studies and it can be 
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difficult to differentiate between stress related changes and direct toxicity to the immune 

system.  However, this was not the case in this study. Stress responses by adrenals 

include increased production of glucocorticoids and enlargement of the gland. However, 

in this study lower adrenal weights, and adrenal vacuolation and necrosis were observed 

in mice exposed to DON. Serum corticosterone levels were higher but not statistically 

different from controls in DON-treated mice. Together these data suggest that changes in 

lymphoid tissues and adrenals were due directly to DON and not to secondary stress 

responses.  

Considering the information collected above, thymus weight reduction, 

immunotoxic lesions in thymus, spleen and mucosa-associated lymphoid tissues, and 

altered immunoglobulin levels are evidence of immunotoxic effects caused by DON 

although not all of the signature effects of DON were observed in this 14-day exposure of 

B6C3F1 mice to 2 mg/kg bw/day DON. 

 

4.5.4 Relationship of structure and toxicity 

The toxicity of trichothecene mycotoxins varies and is determined by their 

molecular structures, particularly functional groups such as epoxy, ester, and hydroxyl 

groups (Betina, 1989; Nagy et al., 2005; Zhou et al., 2008).    

The 12,13-epoxy ring in the trichothecene structure is believed to be an essential 

functional group for toxicity, and a deepoxidation form of a type A or type B 

trichothecene is usually less toxic. For example, deepoxy T-2 toxin was 400 times less 

toxic than T-2 toxin for skin irritation in rat (Swanson et al., 1988). The cytotoxicities 

(IC50) of deepoxy DON and deepoxy NIV were 55 and 54 times less than that of DON by 

assessing DNA-synthesis using a BrdU assay (Eriksen et al., 2004).  

Both acetylation and deacetylation may reduce trichothecene toxicity, which is 

influenced by the number and position of the acetyl groups in the trichothecene 

molecules. The oral LD50 values of 3-ADON (Yoshizawa and Morooka, 1974) and 15-

ADON (Forsell et al., 1987) in the mouse were both 34 mg/kg bw. However, LD50 i.p. 

injection values for 3-ADON ranged from 47-79 mg/kg bw (Yoshizawa and Morooka, 

1974), whereas it was 113 mg/kg for 15-ADON (NTP, 2009). In a BrdU-based DNA 
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synthesis assay using Swiss mouse 3T3 fibroblasts,  3-ADON was 10 times less toxic 

than both DON and 15-ADON (Eriksen et al., 2004). However, 15-ADON was more 

toxic than DON in a yeast bioassay (Madhyastha et al., 1994). The toxicity of HT-2 toxin 

(containing one acetyl group at C15) was lower than that of T-2 toxin (containing two 

acetyl groups at C4 and C15) but higher than that of triacetyl T-2 toxin (containing three 

acetyl groups at C3, C4 and C15) (Swanson et al., 1987b; Bergmann et al., 1988; 

Madhyastha et al., 1994).  

Furthermore, the number and the position of hydroxyl groups also influences 

trichothecene toxicity.  The lymphotoxicity of 8-ketotrichothecenes, for example, 

according to the C-4 substituents, followed the order: acetyl > hydroxyl >hydrogen 

(Betina, 1989). NIV (containing a hydroxyl at C-4) was ten times more toxic compared to 

DON (Ueno, 1985). However, replacing the C-3 hydroxyl group with an acetyl may not 

necessarily increase toxicity. When the C-3 hydroxyls of T-2 toxin, HT-2 toxin and T-2 

triol were  substituted with an acetyl to form T-2 acetate, iso-T-2 toxin and T-2 tetraol 

tetraacetate, respectively, the resulting compounds were found to be less toxic (Jarvis and 

Mazzola, 1982). When DON’s hydroxyl at C-3 was oxidized to a keto group, the 

immunosuppressive toxicity of 3-keto-DON remarkably decreased (Shima et al., 1997).   

In this study, the recently identified DON-transformation product, 3-epi-DON, 

was an epimer of DON. The only difference between these two chemicals is the 

stereochemistry at the 3-OH group. Results from the in vivo mouse study were in 

agreement with those of in vitro cytotoxicity studies. These results showed that 3-epi-

DON is less toxic than DON. Epimers can have different physiochemical properties, 

biological activities and toxicities. For example, the stereochemistry of the hydroxyl 

group of ring C (i.e., epi or non-epi position) in (+)-catechin and (-)-epicathechin is the 

principle for different sites for electrophilic attack, mediation of the intermediate 

oxidation products formed and, thus, difference in their antioxidant activities (Mendoza-

Wilson and Glossman-Mitnik, 2006). There is a 5-fold difference in the in vitro toxicity 

of the marine biotoxins azaspiracid-1 (AZA1) and 37-epi- AZA1 (Kilcoyne et al., 2014). 

The present research is the first report on the toxicity of 3-epi-DON, which is less toxic 

than DON both in vitro and in vivo.  Different physiochemical properties (e.g., solubility 
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and polarity) influence toxicokinetics. Further metabolism studies and subchronic/chronic 

studies in both small laboratory animal models and/or livestock (e.g. swine, goat, and 

chicken) based on regulatory requirements and guidelines are desired prior to a 

commercial application of the DON to 3-epi-DON transformation.  

 

4.6 Conclusions 

In conclusion, 3-keto-DON was found to be 3.03 and 4.54 times less toxic than 

DON in in vitro cell viability and DNA synthesis assays, respectively; whereas, 3-epi-

DON was found 357 and 1181 times less inhibitory than DON  on cell viability and DNA 

synthesis, respectively. In the 14-day gavage study using B6C3F1 mice, there were no 

statistically significant differences between the Control and the 25 mg/kg bw/day or 100 

mg/kg bw/day 3-epi-DON treatments in body and organ weights, haematology and organ 

histopathology. It was concluded that 3-epi-DON was at least 50 times less toxic than 

DON in the B6C3F1 mouse. Therefore, a commercial application of the DON-to-3-epi-

DON transformation by D. mutans 17-2-E-8 in the feed industry is promising.   
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CULTURAL AND ENVIRONMENTAL CONDITIONS THAT INFLUENCE 

EPIMERIZATION OF DEOXYNIVALENOL BY DEVOSIA MUTANS 17-2-E-8 

 

5.1 Abstract 

Management of deoxynivalenol (DON)-contaminated grains poses a major 

challenge, which may be addressed by using microbial detoxification. As presented in 

Chapters 2, 3 and 4, the new bacterial species Devosia mutans, strain 17-2-E-8 was 

isolated and identified, and was capable of efficiently transforming DON to a less toxic 

chemical 3-epi-DON. To obtain physiological characters of D. mutans 17-2-E-8, cultural 

and environmental conditions, such as oxygen supply, temperature, pH, inoculum 

concentration, nutrients and water potential, and extent of DON-transformation by D. 

mutans 17-2-E-8 were investigated. Preferable temperatures ranged from 15-37 °C 

(optimum 28 °C), pH levels ranged from 6-8 (optimum pH 7). The bacterial strain 

reduced DON concentrations by more than 95% after incubation at 28 °C in corn meal 

broth medium for 48 h under aerobic conditions at a rotation rate of 200 rpm, and was 

able to reduce DON concentrations by up to 2000 µg/mL.    

 

Keywords: deoxynivalenol, vomitoxin, DON, transformation, epimerization, Devosia 

mutans, cultural conditions

 CHAPTER 5 



 

95 
 

5.2 Introduction 

Studies on DON-transformation by microorganisms have drawn considerable 

attention. Aerobic and anaerobic microorganisms, which were selected from ruminants, 

swine, poultry, fish, soil and agricultural commodities, have shown DON transformation 

activities (He et al., 2010). For example, a bacterial strain BBSH 797 isolated from 

rumen fluid transformed DON to DOM-1 under anaerobic conditions (Fuchs et al., 2002). 

Under aerobic conditions, Aspergillus tubingensis NJA-1 from soil transformed DON 

into an unidentified chemical whose molecular weight was 18.1 D greater than DON (He 

et al., 2008). A Gram-negative soil bacterium, Agrobacterium-Rhizobium sp. E3-39 

(Shima et al., 1997) and a mixture of soil microorganisms (Volkl et al., 2004) 

transformed DON to 3-keto-DON.  

In this study, a novel bacterial strain, Devosia mutans 17-2-E-8, capable of 

epimerizing DON to 3-epi-DON, was isolated from an alfalfa soil enriched with F. 

graminearum and mouldy corn (Chapter 2). The bacterial strain with this unique DON 

transformation function was filed for a United States Provisional Patent Application in 

2009 (Zhou and He, 2009) and a Patent Cooperation Treaty Application in 2010 (Zhou 

and He, 2010). Since then, reductions of DON concentrations by several strains of 

Nocardioides and Devosia have been reported; however, 3-epi-DON was an intermediate 

product and the end products were not reported in those studies (Ikunaga et al., 2011; 

Sato et al., 2012; Ito et al., 2012).  

The major DON-transformation product by D. mutans 17-2-E-8 was 3-epi-DON, 

which was at least 50 times less toxic than DON in mice (Chapters 3 and 4). The 

toxicological characterizations (both in vitro and in vivo) suggested that the epimerization 

was a DON-detoxification process and the DON-transforming bacterium D. mutans 17-2-

E-8 had potential for detoxification of DON-contaminated gains in the feed industry. This 

chapter presents the results of laboratory studies on the cultural and environmental 

conditions that influence epimerization of DON by the DON-transforming bacterium and 

will provide useful guidance on the potential industrial application of this bacterium D. 

mutans 17-2-E-8. 

 

5.3 Materials and methods 
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5.3.1 Chemicals, culture media, microorganisms and soils 

DON standard, glucose, sucrose, dextrose, xylose, (NH4)2SO4, (NH4)2HPO4, 

K2HPO4, KH2PO4, MgSO4, K2SO4, FeSO4, MnSO4, carboxymethyl cellulose (CMC), 

NH4NO3·7H2O, Dulbecco’s modified eagle medium (DMEM), fetal calf serum (FCS), 

penicillin, streptomycin, sodium pyruvate, phosphate buffered saline (PBS), trypsin, 

ethylenediamine tetraacetic acid (EDTA), thiazolyl blue tetrazolium bromide (MTT) and 

dimethyl sulfoxide (DMSO) were purchased from Sigma–Aldrich (Oakville, Ontario, 

Canada). DON used in the biotransformation assays was purified from F. graminearum 

rice culture using high speed counter-current chromatography (He et al., 2007). Standard 

3-keto-DON and mouldy corn were obtained from the Eastern Cereal and Oilseed 

Research Centre, AAFC, Ottawa, ON, Canada. HPLC grade methanol was obtained from 

Caledon Labs, (Georgetown, Ontario, Canada). DIFCO potato dextrose agar (PDA), 

DIFCO tryptic soy broth (TSB), DIFCO Lauria Bertani broth (LBB), DIFCO malt extract 

broth (MEB), DIFCO MacConkey broth, DIFCO nutrient broth (NB), DIFCO peptone, 

DIFCO tryptone, and DIFCO yeast extract were purchased from Fisher Scientific 

(Ottawa, ON, Canada).  

Minimal medium (MM): 1 L medium contained 10.0 g sucrose, 2.5 g K2HPO4, 

2.5 g KH2PO4, 1.0 g (NH4)2HPO4, 0.2 g MgSO4•7H2O, 0.01 g FeSO4, and 0.007 g 

MnSO4. MM+yeast medium (MMY): MM medium with 0.5% yeast extract. 

MM+peptone medium (MMP): MM medium with 1% peptone. MM+peptone+tryptone 

medium (MMPT): MM medium with 1% peptone and 1% tryptone. Corn meal broth 

without salts (CMB/WO/S): 40 g corn meal soaked in 1 L water at 58 ºC for 4 h was 

allowed to stand for 2 h, and then filtered through a Whatman No. 1 filter paper 

(Whatman; Maidstone, Kent, UK). Corn meal broth (CMB): to one liter of CMB/WO/S 

was added 3 g (NH4)2SO4, 1 g K2HPO4, 0.5 g MgSO4, 0.5 g K2SO4, 0.01 g FeSO4, 0.007 

g MnSO4, and 5 g yeast extract. Corn meal broth+peptone+dextrose medium (CMBPD): 

CMB with 2% peptone and 2% dextrose. Corn meal agar (CMA): CMB was 

supplemented with 1.5% agar. Mouldy corn meal broth (MCMB): 40 g mouldy corn meal 

soaked in 1 L water at 58 ºC for 4 h, was allowed to stand for 2 h, and then filtered 

through a Whatman No. 1 filter paper (Whatman; Maidstone, Kent, UK); to one liter of 

this filtrate was added 3 g (NH4)2SO4, 1 g K2HPO4, 0.5 MgSO4, 0.5 K2SO4, 0.01 g FeSO4, 
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0.007 g MnSO4, and 5 g yeast extract. Rice medium (RM): 40 g rice powder soaked in 1 

L water at 58 ºC for 4 h, was allowed to stand for 2 h, and then filtered through a 

Whatman No. 1 filter paper (Whatman; Maidstone, Kent, UK). Yeast+glucose (YG): 1 L 

water with 5.0 g yeast and 10.0 g glucose. BYE: 1 L water with 0.5 g of NH4NO3, 0.2 g 

of yeast extract, 50 mg of H3BO4, 40 mg of MnSO4•4H2O, 20 mg of (NH4)6Mo7O24, 4 

mg of CuSO4•5H2O, 4 mg of CoCl6•6H2O and 5 mM potassium phosphate buffer 

(adjusted to pH 7.0 with NaOH) (Shima et al., 1997). Minerals (per liter): 1.0 g K2HPO4, 

0.5 g MgSO4, 0.5g K2SO4, 0.1 g FeSO4 and 0.07 g MnSO4.  

 

5.3.2 Characterization of D. mutans 17-2-E-8 for DON-transformation activities 

The effects of culture conditions on reductions of DON concentration by D. 

mutans 17-2-E-8 were determined. CMB medium (10.0 mL) was inoculated with a loop 

of D. mutans 17-2-E-8 culture (1 µL). The culture was incubated at 28 °C for 72 h with 

shaking at 200 rpm. The culture was adjusted to a cell concentration of 1×106 CFU/mL 

using CMB medium based on a calibration curve (a standard curve of optical density 

(O.D.) vs. cell number, λ=600 nm).  

To test the effect of aerobic/anaerobic growth conditions, shaking, and culture 

media on the growth and reductions of DON concentration by D. mutans 17-2-E-8, each 

100 µL bacterial culture having a cell concentration of 1×106 CFU/mL was added to 100 

µL of 1000 µg/mL DON and 800 µL MM, MMY, MMP, MMPT, CMB, CMBPD, BYE, 

RM, MEB, CMB/WO/S, NB, TSB, LBB and YG media. Cultures were incubated at 

28 °C for 72 h under aerobic conditions on a rotary shaker at 200 rpm, and also under 

anaerobic conditions (5% H2 and 10% CO2 balance N2) at 23 °C with hand-stirring 

approximately every 6 h. 

To test the effect of temperature on the growth and reductions of DON 

concentration by D. mutans 17-2-E-8, cultures containing D. mutans 17-2-E-8 1×105 

CFU/mL, 100 µg/mL DON and CMB medium were incubated at 4, 15, 20, 25, 28, and 

37 °C on a rotary shaker at 200 rpm. 

To test the effect of inoculum concentration on the growth and reductions of DON 

concentration by D. mutans 17-2-E-8, cultures containing D. mutans 17-2-E-8 serial 

dilutions ranging from 1×100 to 5×109 CFU/mL, 100 µg/mL DON and CMB medium 
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were incubated at 28 °C on a rotary shaker at 200 rpm for 72 h. After 72 h incubation, 

these cultures were extracted and analyzed as previously described. 

To test the effect of pH on the growth and reductions of DON concentration by D. 

mutans 17-2-E-8, aliquots of CMB were adjusted to pH 3, 4, 5, 6, 7, 8, 9 and 10 with 

NaOH or HCl 1 mol/L before sterilization to examine the effect of starting pH. After 

inoculation, microbial cultures with D. mutans 17-2-E-8 were incubated at 28°C with 

shaking (200 rpm) under aerobic conditions for 48 h, then samples were extracted and 

analyzed as described in Section 5.3.6. 

 

5.3.3 To test effects of DON on the growth and function of D. mutans 17-2-E-8 

To CMB medium (12.0 mL) were added 1.5 mL D. mutans 17-2-E-8 culture of 

1×106 CFU/mL and 1.5 mL DON standard (DON in sterile water, 1000-40000 µg/mL). 

The cultures were incubated at 28 °C on a rotary shaker at 200 rpm for up to 132 h. 

To evaluate the effect of DON on the growth of D. mutans 17-2-E-8, the cell 

number of D. mutans 17-2-E-8 was determined every 12 h. Each time, 100 µL of culture 

were made in serial dilutions with CMB medium. Each of the dilutions (100 µL) was 

streaked on CMA plates and the CFUs were determined after incubation at 28 °C for 72-

96 h. 

To evaluate the effect of presence of DON on the function of D. mutans 17-2-E-8, 

150 µL of culture were removed at 6, 12, 24, 36, 48, 60, 72, 84, 96, 108, 120 and 132 h, 

and then added to 150 µL methanol. The mixture was allowed to stand for 2 h and 

centrifuged at 18000 g for 5 min (Micromax® microcentrifuge, Milford, MA, USA) 

before being analyzed by HPLC as outlined in Section 5.3.6. Each test was conducted in 

triplicate and the means were determined. 

 

5.3.4 To test effects of formulations on reductions of DON concentration by D. mutans 

17-2-E-8  

Three formulations (broth, suspension and paste) of a similar DON-containing 

mouldy corn medium were evaluated, including broth, suspension and paste formulations. 
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To test reductions of DON concentration by D. mutans 17-2-E-8 in broth 

formulation, MCMB medium (5 mL) containing 1×105 CFU/mL of D. mutans 17-2-E-8 

was incubated under aerobic conditions at 28 °C with shaking at 200 rpm for 72 h. 

To test reductions of DON concentration by D. mutans 17-2-E-8 in suspension 

formulation, a mixture comprising mouldy corn and D. mutans 17-2-E-8 in fresh CMB 

medium (1:9, w/v) was tested. Mouldy corn powder (2.5 g, 1.3 mg DON/g) was soaked 

in 20 mL fresh CMB medium for 12 h before being added to 2.5 mL of D. mutans 17-2-

E-8 culture (1×109 CFU/mL). The culture was then incubated under aerobic conditions at 

28 °C with shaking at 200 rpm for 72 h.  

To test reductions of DON concentration by D. mutans 17-2-E-8 in the paste 

formulation, 2.5 g mouldy corn powder (1.3 mg DON/g) was incubated with 2.5 mL 

1×108 CFU/mL D. mutans 17-2-E-8 culture under aerobic condition at 28 °C with 

shaking at 200 rpm for 72 h.  

After 72 h incubation, the above samples were extracted and analyzed as 

described in Section 5.3.5. Each test was conducted in triplicate and the means of 

samples were determined. 

 

5.3.5 Extraction of DON from culture and liquid chromatography (LC) analysis 

To each 500 µL of culture, 500 µL of methanol was added. The mixture was 

allowed to stand for 2 h and filtered through a 0.45 µm polyvinylidine fluoride (PVDF) 

syringe filter (Whatman; Maidstone, Kent, UK) before being analyzed by LC. 

Identification and quantification of DON were achieved using an Agilent Technologies 

1100 Series HPLC system with a Luna C18 (2) column (150×4.6 mm, 5 µm) 

(Phenomenex, Torrance, CA, USA). The binary mobile phase consisted of solvent A 

(methanol) and solvent B (water) and the gradient program began at 22% A, increased 

linearly to 41% A at 5 min, 100% A at 7 min, held 100% A from 7 to 9 min, and returned 

to 22% A at 11 min. There was a 2 min post-run under starting conditions for re-

conditioning. The flow rate was 1.0 mL/min and the detector was set at 218 nm. 

Identification of DON was achieved by comparing its retention time and UV-Vis 

spectrum with those of a DON standard. Quantification was based on reference to a 

calibration curve of DON standard (He et al., 2007). 
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5.3.6 Statistical analysis 

For DON concentrations and bacterial cell concentrations, each sample was 

analyzed in triplicate and the means were determined. Relevant reductions of DON were 

calculated as follows: reduction of DON concentration (%) = (CDON added – CDON 

residual)/CDON added100. Data were analyzed using SAS (SAS for Windows, Version 9.1, 

SAS institute, Cary, NC, USA) or using Sigmaplot 12.5 (Systat Software Inc). Data were 

tested for normality using the Kolmogorov–Smirnov method and equal variance (P value 

to reject was set for 0.05). Multiple group comparisons of normally distributed data were 

conducted by One Way Analysis of Variance (One Way ANOVA), followed by Fisher’s 

protected least significant difference (PLSD) test. Treatments were arranged in a 

completely randomized design. . 

 

5.4 Results  

5.4.1 Physiological characterization of D. mutans 17-2-E-8 for reductions of DON 

concentration 

Bacterium D. mutans 17-2-E-8 transformed DON to 3-epi-DON (major product) 

and 3-keto-DON (minor product) under aerobic conditions. An unstable intermediate 

product (molecular weight = 308) was also noted, however, it was not identified at this 

time due to technical challenges. A coincidence of increase in cell concentrations of D. 

mutans 17-2-E-8 and reduction in DON concentrations was observed (Figure 5.1). 

However, there were no increases of bacterial cell concentrations or reduction in DON 

concentrations by D. mutans 17-2-E-8 after 72 h incubation in CMB medium under 

anaerobic conditions. 

In addition to improving nutrient delivery/availability to microorganisms in liquid 

culture, the rotary action of the shaker also enhanced cell growth by altering oxygen 

supply and, thus, affected the DON-transformation activity of D. mutans 17-2-E-8 

(Figure 5.2). With shaking, the maximum cell concentration and the maximum reduction 

in DON concentrations were observed after 48 h of incubation. Keeping other conditions 

the same but without shaking, increases in cell concentration and reductions in DON 
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concentration were not inhibited; however, the times to reach the maximum effect were 

delayed by 12-24 h compared to those with shaking (Figure 5.2).  

The effects of temperature on D. mutans 17-2-E-8 are shown in Figure 5.3. 

Increases in bacterial cell concentrations and reductions in DON concentrations were 

observed in the treatment groups with temperatures ranging from 15 to 37 °C, but not at 

4 °C. In this test, a temperature of 25 °C gave the maximum levels of both parameters. A 

follow-up experiment indicated that incubation at 28 °C demonstrated the same 

efficiency as that at 25 °C, whereas the required time was shorter. Therefore, a 

temperature of 28 °C was selected as the optimum temperature for the following 

evaluations.  

Table 5.1 presents the effects of pH on the growth and DON-transformation 

activity of D. mutans 17-2-E-8. Cell concentrations of D. mutans 17-2-E-8 increased with 

increasing initial pH levels in acid conditions, reached a maximum at neutral (pH 7), and 

decreased with increases of pH in alkaline conditions. Increases in cell concentrations 

and reductions in DON concentrations were observed at pH values ranging from 5-10 and 

6-8, respectively.  
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Figure 5.1 Effect of incubation time on bacterial cell concentrations or reductions in 
DON concentrations by D. mutans 17-2-E-8 in corn meal broth (CMB) cultures 
containing 100 µg/mL DON at 28 °C with shaking at 200 rpm. The protected least 
significant difference (PLSD(0.05)) of the tests for concentration of DON and DON-
transformation products, and cell concentration were 7.6 and 0.38, respectively. 
“Total” refers to the sum of DON, 3-epi-DON, Peak 5.0 and 3-keto-DON concentrations.  
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Figure 5.2 Effects of shaking at 200 rpm and non-shaking on bacterial cell concentrations 
or reductions in DON concentrations by D. mutans 17-2-E-8 in corn meal broth (CMB) 
cultures containing 100 µg/mL DON at 28 °C. The values were the means of three 
replications and the error bars indicate the standard deviations. The protected least 
significant difference (PLSD(0.05)) of the tests for DON concentration and cell 
concentration were 8.1 and 0.38, respectively. 
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Figure 5.3 Effect of temperature on reductions in DON concentrations by D. mutans 17-
2-E-8 in corn meal broth (CMB) cultures containing 100 µg/mL DON with shaking at 
200 rpm. The protected least significant difference (PLSD(0.05)) of the test was 4.9. 
 

 



 

103 
 

Table 5.1 Growth and biotransformation of DON by D. mutans 17-2-E-8 at different 
initial media pH. 
 

Initial pH 
Cell concentration 
(log CFU mL-1)a 

Recovery of DON (%)a 

3 6.41 98.0 
4 6.43 98.4 
5 7.60 97.7 
6 9.04 22.5 
7 9.00 4.9 
8 8.04 62.2 
9 7.94 92.5 
10 7.98 98.6 

PLSD 0.44 9.6 
a: Determined after 48 h shaken cultivation (200 rpm) at 28°C in corn meal broth (CMB).  

 

Figure 5.4 summarizes the effects of inoculum concentration on DON-

transformation by D. mutans 17-2-E-8. In treatments with initial cell concentrations 

ranging from 1×104 to 1×108 CFU/mL, DON concentrations were reduced to 

approximately 3.8-10.0 µg/mL (PLSD(0.05) =9.4 µg/mL) after an incubation of 72 h. DON 

concentrations in treatments with low initial cell concentrations, such as 1×100, 1 ×101, 1 

×102 and 1 ×103 CFU/mL, were also reduced to below 10 µg/mL, but a prolonged 

incubation was required. An inverse relationship between increases in cell concentrations 

of D. mutans 17-2-E-8 and reductions in DON concentrations were observed in all these 

treatments (1×104 to 1×108 CFU/mL). The highest inoculation concentration of 5×109 

CFU/mL only reduced DON concentration to 35 µg/mL. Cells at lower and higher 

inoculum concentrations were likely at different growth stages and this may have affected 

the rate of DON transformation.  
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Figure 5.4 Effect of inoculum concentration on the DON-transformation activity of D. 
mutans 17-2-E-8 in a culture of corn meal broth (CMB) medium containing 100 µg/mL 
DON, at 28 °C, with shaking at 200 rpm for 72 h. The values are the means of three 
replications and the error bars indicate the standard deviations. 
 
 

Media had a strong influence on the DON-transformation activity of D. mutans 

17-2-E-8. Among these tested media, CMB and YG developed the lowest residual 

concentrations of DON, which were 4.5 and 0.0 µg/mL, respectively.  Therefore, these 

media were chosen for testing the growth and function of D. mutans 17-2-E-8 in culture 

conditions of 100 µg/mL DON, at 28 °C, with shaking at 200 rpm for 72 h. 3-epi-DON 

was the major DON-transformation product in these tests. Peak 5.0 and 3-keto-DON 

were minor products as they were detected with low incidence (in certain media) and at 

low concentrations (Table 5.2). 
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Table 5.2 Residual DON and its transformation products after being cultured with D. 
mutans 17-2-E-8 in a culture condition of 100 µg/mL DON, at 28 °C, with shaking at 200 
rpm for 72 h. 

Mediuma 
3-epi-DON 
(µg/mL ) 

Peak 5.0b 
(µg/mL ) 

DON 
(µg/mL ) 

3-keto-DON 
(µg/mL ) 

Yeast+Glucose 89.3 0.0 0.0 0.0 

CMB 49.2 4.9 4.6 4.6 

BYE 58.0 0.0 14.6 3.8 

Nutrient broth 72.2 0.0 17.7 0.0 

MMY 24.7 0.0 30.5 0.0 

Lauria Bertani 34.5 0.0 31.0 0.0 

CMB/WO/S 37.9 0.0 32.4 2.7 

TSB 39.2 31.8 37.0 0.0 

Rice medium 15.8 3.6 76.4 3.4 

CMBPD 22.2 0.0 81.1 0.0 

MM-Purdue 0.0 0.0 93.9 0.0 

PLSD(0.05) 5.6 1.6 5.0 0.7 

a. The full names and contents of these culture media can be found in Section 2.3.1. The media were sorted 
by reduction of DON concentrations.  
b. Peak number represented LC retention time (in minutes). 
c. The UV maximum absorptions of 3-epi-DON, Peak 5.0 and 3-keto-DON are in the range of 215~225 nm, 
which is close to maximum absorption of DON. Therefore, their concentrations can be calculated from 
peak areas to mass concentration using the standard curve of DON. 
 

 

5.4.2 The capacity of DON-transformation by D. mutans 17-2-E-8 

Figures 5.5 and 5.6 demonstrate the effects of DON on the growth and function of 

D. mutans 17-2-E-8. When this bacterium was incubated in CMB medium under aerobic 

conditions at 28 °C for 72 h, increases in cell concentrations were observed in the 

presence of DON up to 4000 µg/mL, however, reductions in DON concentrations were 

only noted in the presence of DON up to 2000 µg/mL. 
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Figure 5.5 Effect of DON concentrations on the growth of D. mutans 17-2-E-8 in corn 
meal broth (CMB) cultures at 28 °C with shaking at 200 rpm. The protected least 
significant difference (PLSD(0.05)) of the test was 0.32. 
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Figure 5.6 Effect of DON concentrations on the DON-transformation activity of D. 
mutans 17-2-E-8 in corn meal broth (CMB) cultures containing 100-4000 µg/mL DON at 
28 °C with shaking at 200 rpm. The protected least significant difference (PLSD(0.05)) of 
the test was 4.0. 
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5.4.3 Reductions of DON concentration by D. mutans 17-2-E-8 in mouldy corn media 

with three formulations (broth, suspension and paste) 

In the test using suspension media, DON concentration was reduced by 85% in 

the treatment of mouldy corn powder: D. mutans 17-2-E-8 culture (1:9, w/v), which was 

similar to findings in the corn meal group. However, in the test using paste media, there 

was no significant reduction of DON concentration in any of the treatment groups, which 

suggested that water potential was of importance to the epimerization reaction. 

 

5.5 Discussion 

Culture conditions and environmental factors, such as media, pH, 

aerobic/anaerobic conditions, temperature and incubation period, can influence the 

growth and DON-transformation of various microorganisms, depending on the 

microorganisms and their origins (Zhou et al., 2008).  

The amount of required oxygen for the growth and function of a microorganism 

usually depends on the microorganism and its origin. For example, strict anaerobic 

conditions were required for DON transformation by microorganisms isolated from 

animal digestive systems (Côté et al., 1986; He et al., 1992; Yu et al., 2011; Guan et al., 

2011), whereas either aerobic (Shima et al., 1997; Volkl et al., 2004; Ikunaga et al., 

2011; Sato et al., 2012; Ito et al., 2012) or anaerobic conditions may work for DON-

transforming microorganisms from soil (Islam et al., 2012). D. mutans 17-2-E-8 can 

reduce concentrations of DON under aerobic conditions, but not under anaerobic 

conditions. Anaerobic applications usually required either extra coating (capsule 

packaging) to protect the bacteria from exposure to the air (Binder and Binder, 1999, 

2004, 2008), or pre-feeding fermentation under strict anaerobic conditions at 37 °C (Li et 

al., 2011), which may increase the operational cost and limit their potential for industrial 

application.  

Culture conditions favouring the DON-transformation reactions increased the 

efficacy of microbial transformation. For example, reducing agents enhanced reductions 

of the 12,13-epoxy group of trichothecenes by Eubacterium casseliflavus DSM 11798 to 

form deepoxy products (Binder and Binder, 1999, 2004, 2008). Other than chemical 
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reducing agents, anaerobic microorganisms such as Bacillus spp., E. casseliflavus DSM 

11799, Lactobacillus spp., Lactococcus spp. or Streptococcus spp. can also be used to 

assist reduction reactions (Binder and Binder, 1999, 2004, 2008). Similarly, an anaerobic 

reduction culture condition favoured the reduction of zearalenone and related keto-

compounds (McMullen, 1997). In the present study, no special chemicals were required 

to maintain the epimerization by D. mutans 17-2-E-8.  

Initial cell concentrations and active growth can also influence the efficiency of 

microbial mycotoxin transformation. Increased reaction speed was achieved by increased 

cell concentrations (Sato et al., 2012) or exposure to cell-free enzyme(s) (Shima et al., 

1997). For example, in the transformation of zearalenone and related compounds by 

microorganisms selected from the species Aspergillus quadrilineatus, Candida lipolytica, 

Chaetomium globosum, Penicillium frequentans, Penicillium rubrum, Rhodotorula rubra 

and Syncephalastrum elegans, substantial cell concentrations were required as the 

reaction was due to an intracellular enzyme(s). Doubling the cell concentration resulted 

in a higher transformation rate (Duvick and Rood, 2001). In this study, inocula as low as 

1×104 and 1×105 CFU/mL were capable of transforming DON by 90% in 72 h and close 

to 100% in 48 h, respectively. In another study, Lactococcus lactis (1.3% (v/w) inocula of 

culture containing ∼1×109 CFU/mL) was applied in a liquid feeding application (Lawlor 

et al., 2002). If a commonly used inoculum (e.g., 1×109 CFU/mL) is applied, a DON-

transformation time of less than 48 h can be achieved, which is expected to be practical 

for industrial application such as a liquid feeding system (Swine Liquid Feeders 

Association, 2006). 

For microorganisms capable of utilizing mycotoxins as the only carbon source, 

media containing the target mycotoxin as the only carbon source favoured the mycotoxin 

transformation, for example, DON transformation by Agrobacterium-Rhizobium sp. E3-

39 (Shima et al., 1997), by Aspergillus tubingensis NJA-1 (He et al., 2008), and by 

Nocardioides sp. WSN05-2 (Ikunaga et al., 2011). This characteristic was also observed 

in fusaric acid and fumonisin-transforming microorganisms (Toyoda and Utsumi, 1991; 

Duvick et al., 1998). D. mutans 17-2-E-8 does not rely on DON or other mycotoxins as 

the carbon sources. Its capability to transform DON was maintained after serial sub-

culturing in DON-free CMB medium. It should be noted that D. mutans 17-2-E-8 also 
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demonstrated high DON-transformation activity in the first culturing in GY broth; 

however, its activity was gradually lost in subsequent sub-culturing in this rich medium 

(data not shown). These findings imply that certain nutrients in corn may favour the 

epimerization of DON by D. mutans 17-2-E-8. This character is an advantage of this 

bacterium for industrial application, considering corn is a commonly used ingredient in 

animal feed.  

In reality, mycotoxin-contaminated feeds usually contain mycotoxins and plant 

pathogens. The capacity of DON-transformation by D. mutans 17-2-E-8 was up to 2000 

µg DON/mL although such a high concentration of DON is unlikely to be found in 

naturally contaminated grains. DON concentrations would be in mg/g in naturally 

contaminated grains (Streit et al., 2013; Schatzmayr and Streit, 2013). In addition, the 

presence of F. graminearum did not affect the growth of and DON-transformation by D. 

mutans 17-2-E-8. These results indicated that D. mutans 17-2-E-8 is tolerant to DON and 

its producing fungus, and has potential to work in the real feed processing environment.   

Overall, D. mutans 17-2-E-8 transformed DON to a less toxic chemical, 3-epi-

DON, at the room temperature and under aerobic conditions. One of the potential 

applications of this viable microorganism is liquid feeding. Liquid feeding is often used 

in swine production because it provides flexibility of adding a variety of ingredients and 

by-products in the diets and it is easy to control the process (Swine Liquid Feeders 

Association, 2006). Liquid feeding may improve the performance of pigs compared to 

those of pigs fed with dry diets (Hurst et al., 2008). It usually consists of several (tandem) 

fermentation tanks. Considering the room temperature and neutral pH for D. mutans 17-

2-E-8, detoxification of DON in feed ingredients (e.g. corn; wheat; barley; or feeding 

livestock distillers grains and other by-products from agriculture, food and biofuel 

industries) may be achieved before fermentation with lactobacteria. The fermentation 

tanks can be a controlled-environment system with a high operational cost, or a non-

controlled-environment system with a low operational cost. D. mutans 17-2-E-8 does not 

require critical fermentation conditions and may be added as a feed additive to the 

existing feed preparation line with little or without extra modification/cost, which is a 

great advantage compared to anaerobic DON-transformations that require an anaerobic 

condition and a higher temperature (37 °C) (Fuchs et al., 2002; He et al., 1992, Yu et al., 
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2011; Li et al., 2011). Medium- and large-scale pilot studies will be needed to further 

define the optimum cultural and environmental conditions for potential industrial 

applications of D. mutans 17-2-E-8.  

 

5.6 Conclusions 

In conclusion, the optimal growth conditions for D. mutans 17-2-E-8 include a 

temperature of 28 °C, pH 7, corn meal broth medium and aerobic conditions. These 

physiological characteristics of the bacterial strain can be used to guide exploratory pilot 

experiments in the future to assess potential industrial applications. Epimerization is the 

primary reaction, but other reactions such as oxidation, hydrolysis, hydration and 

conjugation are also possible. The detoxification corresponding to these reactions may be 

enzymatic based on preliminary tests. This strain has potential to be developed as a feed 

additive to detoxify DON-contaminated grains for industrial application.   
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GENERAL CONCLUSIONS 

 

This thesis examines the potential of the new bacterial species Devosia mutans 

17-2-E-8 as an industrial application, for management of DON-contaminated grains. The 

research contributions are summarized as followings: 

(1).  A nutrient-selection method for deoxynivalenol (DON)-transforming 

microorganism was developed. 

(2).  A novel bacterium that transformed DON to 3-epi-DON was selected and 

identified as Devosia mutans 17-2-E-8.  

(3). A new effective detoxification reaction, epimerization, was discovered.  

(4). A novel purification method for 3-epi-DON from D. mutans 17-2-E-8 culture by 

high-speed counter-current chromatography was developed.   

(5). Both in vitro and in vivo studies were conducted for toxicology evaluation of 3-

epi-DON. It was concluded that 3-epi-DON was at least 50 times less toxic than 

DON in the B6C3F1 mouse. 

(6). D. mutans 17-2-E-8 was characterized for cultural and environmental conditions 

for its potential in continued development as a feed additive to manage DON-

contaminated grains. 

 

The specific goal was to develop an effective DON-detoxification method using 

an aerobic microorganism. It was hypothesized that a DON-transforming microorganism 

could grow and function in a combined host-pathogen-mycotoxin environment. Based on 

the experience in my M.Sc. research project, in which soil enrichment with F. 

graminearum-infested corn was developed to discover DON-transforming 

microorganisms (He, 2008), a similar approach was developed using corn meal broth as 

the medium to select target microorganisms. A novel bacterium, which is capable of 

transforming DON to 3-epi-DON, was isolated from an alfalfa soil and identified as D. 

mutans 17-2-E-8 (=IDAC 040408-1 = ATCC PTA-121309). This research discovered 
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epimerization as a new detoxification reaction. This aerobic transformation presents a 

new approach to microbial detoxification and has led to a patent application for D. 

mutans 17-2-E-8. 

To evaluate the potential applications of D. mutans 17-2-E-8, chemical and 

toxicological characterizations of the transformation products by this bacterium were 

examined. The major transformation product was purified using HSCCC and identified as 

3-epi-DON using MS and NMR techniques. The developed HSCCC method had 

advantages such as high efficiency, no irreversible adsorption of target analyte to the 

column, high recovery of the target analyte, the minimum use of organic solvents and 

easy operation. It reaffirms that the one-step HSCCC purification is particularly 

advantageous for purification of toxins, such as 3-epi-DON, to facilitate toxicology 

research. The developed HSCCC method purified large amount of 3-epi-DON, which 

made toxicology studies possible for the first time. 

Toxicity evaluation of the transformation product and confirmation of 

detoxification were also examined as no toxicology information for 3-epi-DON was 

previously available. This research provided the first demonstration that 3-epi-DON was 

357 and 1181 times less toxic than DON in cytotoxicity bioassays assessing cell viability 

and DNA synthesis, respectively.  Further, results from a 14-day oral study concluded 

that 3-epi-DON was at least 50 times less toxic than DON in the B6C3F1 mouse. The 

reduced toxicity through epimerization by D. mutans 17-2-E-8 supports the potential of 

this bacterium in industrial applications. The toxicological results are critical for future 

industrial application, as well as provide fundamental scientific information for 

toxicology research.   

The discovered new bacterial species that transforms DON to 3-epi-DON under 

aerobic conditions has been identified and characterized for genetics, biochemistry and 

physiology properties. Cultural and environmental conditions (e.g., oxygen supply, 

temperature, pH, inoculum concentration/time, medium nutrients and water potential) 

were characterized under laboratory conditions. These physiological characters can be 

used as guidance for potential industrial application.  

 Regarding future research, further metabolism/toxicokinetic studies to determine 

the nature of 3-epi-DON and its metabolites in livestock animals, as well as livestock 
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feeding studies are recommended. In the development of pilot studies for industrial 

application of D. mutans 17-2-E-8, cultural and environmental conditions (e.g., room 

temperature, neutral pH, incubation time of 2 days) that are required for this 

microorganism  to function optimally, as well as existing/conventional industry settings 

(e.g., for liquid feeding system) should be considered (Swine Liquid Feeders Association, 

2006). In addition, data requirements set by the regulatory agency responsible for 

registration of feed additives should be considered in the method development for 

application of the living microorganisms.    

An alternate application is use of detoxification enzymes and genes. In-depth 

knowledge about enzyme activities of D. mutans 17-2-E-8 is not currently available, and 

further research is also recommended. Purification and characterization of detoxification 

enzymes can lead to better understanding of epimerization enzymes, their properties and 

kinetics. The genes may be cloned and expressed in crops to develop varieties resistant to 

DON production or which detoxify DON and, thus prevent this mycotoxin from entering 

human and animal food chains. The detoxification genes may also be cloned and 

expressed in microorganisms to produce recombinant microorganisms that are suitable in 

an industrial scale enzyme production and purification (Altalhi and El-Deeb, 2009). 

These detoxification enzymes should have great potential to eliminate DON in the human 

and animal food chains. 

In conclusion, the bacterial strain and its genes and enzymes responsible for 

epimerization have great potentials to benefit food safety, livestock production and crop 

disease management. 
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