
ABSTRACT 
 

WEAVER, ALEXANDRA CLARE. The Impact of Mycotoxins on Growth and Health of 
Swine. (Under the direction of Dr. Sung Woo Kim and Dr. Eric van Heugten).  

 
Mycotoxins, fungal secondary metabolites, cause serious problems for producers of 

crops and animals.  Pigs are known to be particularly affected by mycotoxins, but questions 

exist on how low to moderate concentrations impact these animals, or if there are reliable 

ways to reduce the adverse effects.  Since the impact of mycotoxins begins with 

consumption, the first objective of this project was to investigate conditions promoting 

mycotoxin development.  In Experiment 1, data was collected from corn tested for aflatoxin 

(AF) in North Carolina over 8 years to determine AF occurrence and development.  

Aflatoxin contamination over 20 µg/kg was observed in 43.7 % of samples (n=469), with an 

8 year average of 110 µg/kg.  Spring conditions were most influential in AF formation, with 

warm temperatures, low precipitation, and drought increasing the probability of higher levels.  

 After examining conditions promoting mycotoxin occurrence, the second objective of 

this research was to determine mycotoxin impacts on pigs of varying ages, and to determine 

methods to reduce effects.  In Experiment 2, the impact of deoxynivalenol (DON) at 3.0 

mg/kg was investigated.  By restrictively feeding control pigs to the level of feed consumed 

by mycotoxin fed animals, the impact of reduced feed intake was eliminated.  The most 

notable impact of DON was on the jejunum, which showed localized gut inflammation due to 

an increase in the cytokine tumor necrosis factor alpha, along with a reduction in villus 

height and increased crypt depth.  This response appears to be a direct effect of damage by 

DON, rather than a response to reduced feed intake.   

 



Experiments 3, 4, and 5 further investigated the impacts of AF, DON, and fumonisin 

(FUM) on sows, nursing piglets, and pigs at nursery and growing stages.  These mycotoxins 

reduced nursery pig performance and caused tissue damage.  The reproductive performance 

of sows fed low AF and FUM was not affected, nor was growth of their piglets.  However, 

AF was transferred into milk as aflatoxin M1 (AFM1) at rates similar to ruminants.  These 

experiments also investigated the ability of traditional and alternative ingredients to reduce 

mycotoxins.  Yeast based additives provided a method to reduce some effects of DON.  A 

clay additive was tested with sows, but conclusions could not be drawn on efficacy because 

AF and FUM did not severely impact sows or piglets.  However, this additive did not 

eliminate AFM1 from milk.  Finally, spray dried plasma protein (SDPP) was tested to reduce 

AF and FUM.  Although this ingredient is commonly used in pig diets, it is not thought of as 

a product to reduce the impact of mycotoxins.  However, pigs fed 6 % SDPP directly after 

weaning were minimally affected by subsequent consumption of AF and FUM.  This 

response may be due to reduced weaning stress and improved gut health prior to the 

mycotoxin challenge.  As shown in Experiment 2, the gut is a target of mycotoxins and SDPP 

may reduce the impacts at this location.   

In the last experiment, data from 7 studies was combined to make final conclusions 

on the impact of AF, DON, and FUM on pigs.  Through statistical modeling, equations were 

developed to predict the effects of mycotoxin co-contamination on pig performance and 

health.  Collectively, this series of experiments showed that mycotoxins have adverse effects 

on pigs at low to moderate concentrations, and that co-contamination may further increase 

the impacts.  This project addresses the problem of mycotoxins in the swine industry in two  



ways: first, by modeling the climatic conditions that influence AF formation allowing the 

industry to predict when crops may be contaminated, and secondly through the investigation 

of feed additives that can reduce mycotoxin effects on pigs.         
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Introduction 

The study of mycotoxins is of interest because of the many problematic effects 

attributed to them.  Mycotoxins are a large group of naturally occurring fungal secondary 

metabolites (CAST, 2003).  Unlike primary metabolism, secondary metabolism produces 

compounds that are not utilized by the fungal organism for metabolic functions or cell 

growth, but instead and are often excreted and incorporated into the medium on which the 

organism grows (Yiannikouris and Jouany, 2002; CAST, 2003).  Primary metabolism is 

common to all fungal species, but the production of secondary metabolites can be specific to 

certain species or strains.  The importance of the mycotoxin secondary metabolites arises due 

to their toxicity, where they have the ability to illicit a noxious response to humans and 

animals when consumed (CAST, 2003; Binder et al., 2007).  With over 300 identified 

compounds, mycotoxins are a worldwide problem.  However, despite the hundreds of 

mycotoxin in existence, only a small number of these are relevant to the feed manufacturing 

and animal production industries due to their prevalence or highly toxic impact.  These 

mycotoxins of importance include: aflatoxin (AF), produced by Aspergillus flavus; fumonisin 

(FUM), produced by Fusarium verticillioides; and deoxynivalenol (DON) and zearalenone 

(ZEA) produced by F. graminearum. 

Agricultural crops may become contaminated with these common mycotoxins either 

in the field or during storage, but in both cases the fungus originates during field conditions 

(Miller, 2008).  This incidence is due to the fact that under normal circumstances the 

mycotoxin producing fungi reside in soil or on decaying plant materials on the ground, but 
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can later contaminate crops and produce mycotoxins if transferred to the growing plant and 

conditions are satisfactory (Gourama and Bullerman, 1995).  There are three primary 

methods by which fungi may contaminate plant material and subsequently produce 

mycotoxins: (1) through the direct action of a plant pathogen, such as F. graminearum; (2) 

by attacking plants that are stressed, such as from drought or insect infections, such as A. 

flavus and F. verticillioides; or (3) by colonizing a plant and predisposing the commodity to 

mycotoxin contamination after harvest, as seen with A. flavus (CAST, 2003; Miller, 2008).  

Whether fungal growth occurs in the field or during storage, type and contamination level of 

mycotoxins is highly dependent on temperature and humidity.  As a result, contamination of 

grains will vary from year to year.  Previous research has indicated that A. flavus prefers 

warm temperatures and dry weather (Scully et al., 2009).  On the other hand, F. 

graminearum appears to grow well in cool weather and drought promotes F. verticillioides 

(Miller, 2008).  Despite these observations, much is still unknown about the environmental 

conditions that promote fungal growth and mycotoxin development in different areas of the 

United States and around the world.    

Scientific evidence suggests that mycotoxins play an important role in agriculture and 

animal production because of their effects on growth and health.  It is well documented that 

mycotoxins are harmful at both low and high concentrations of contamination although the 

extent of toxicity often varies by species (Richard, 2007; Chaytor et al., 2011b).  Mycotoxin 

exposure primarily occurs through ingestion of contaminated food or feed.  Once ingested, 

mycotoxins may cause a wide range of both chronic and acute effects.  Symptoms can 
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 include growth reduction, impaired immunity, decreased production rates, impaired 

reproduction, tissue damage, or death resulting from extreme exposure (CAST, 2003).   

As a result of these effects on animal health, the economic impact of mycotoxins can 

be vast.  Costs may include loss of animal production or life, veterinary care costs, loss of 

contaminated crops or feed, human health impacts and health care costs, and even research 

costs associated with monitoring or determining methods for relieving the severity of 

mycotoxins (Hussein and Brasel, 2001).  Together, the costs of crop losses in the United 

States due to AF, FUM, and DON have been estimated at $932 million (Binder, 2007).  In 

1980, economic losses in the Southeastern United States due to AF alone were estimated to 

be at $97 million for corn producers and an additional $100 million for swine producers 

(Hussein and Brasel, 2001).  Economic losses associated with FUM add additional costs, 

with an estimation of $31 to 46 million during a year with significant FUM outbreak (Wu, 

2007).  Overall, these mycotoxins have a significant impact on crop and animal producers.   

Although past scientific research has provided important information about 

mycotoxins, uncertainties still remain.  Questions still remain on how low concentrations or 

co-contamination of mycotoxins impact health, how unusual environmental conditions alter 

mycotoxin production, how these compounds are metabolized within the animal, and how 

mycotoxins may be related to increased disease susceptibility in various populations around 

the world.  Researchers also wonder if there are functional and efficient ways to reduce 

mycotoxin effects if they are consumed by humans and animals (IARC, 2002).  This review 

will focus primarily on mycotoxin absorption, metabolism, and toxicity in animals with an  
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emphasis of these actions in pigs.  Swine production is one of the largest animal industries in 

the United States, and thus has a significant economic impact on agriculture.  At the same 

time, pigs are considered one of the most sensitive animals to mycotoxins (Richard, 2007).  

Mycotoxins are estimated to contaminate over 25 % of the world’s crops, and due to the fact 

that grain crops are included as a major component in swine feed formulations, pigs have a 

high chance of mycotoxin consumption (Dilkin et al., 2003; Veldman, 2004).  Discussion is 

also included in this review on feeding methods that may help reduce mycotoxin effects.   

Absorption, Metabolism, and Elimination of Mycotoxins 

 The primary route of entry for mycotoxins into the body is through ingestion of 

contaminated feed (Richard, 2007).  Absorption of mycotoxins through the small intestine is 

an important first step of metabolism.  Once these mycotoxins pass through the intestinal 

lumen, they are then processed by the body.  At this point, mycotoxins can exert their toxic 

effects on the body’s systems.  Absorption and metabolism steps are critical points to target 

when aiming to reduce mycotoxin effects on animals.  

Aflatoxin 

 The term aflatoxin refers to a group of 17 compounds, but there are four of these that 

are considered the primary fungal metabolites of this group (Mclean and Dutton, 1995).  

These four include aflatoxin B1 (AFB1), B2, G1, and G2, and they differ by their fluorescence 

under untraviolet light with B1 and B2 appearing as blue, and G1 and G2 as green.  The form 

usually found in the highest concentration is AFB1, and it is also considered to be the most 

toxic due to later epoxidation of its 8,9-double bond and its 5 member cyclopentenone ring  
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(Mclean and Dutton, 1995).  Together, AF is one of the more potent mycotoxins.   

 Absorption begins in the small intestine.  Relatively few studies have aimed to 

determine the absorption mechanisms and kinetics of AF, however this area is of interest 

when considering dietary ingredients, such as clay sorbents, to reduce mycotoxins within the 

gut.  Ramos and Hernandez (1996) indicated that the absorption of AF in the small intestine 

of the rat occurs quickly and follows first order kinetics with a high absorption rate constant, 

ka, value.  The absorbance of AF, including B1, is through passive diffusion.  In this study, 

AFB1 was rapidly absorbed through the small intestine, with over 99 % absorbed within 1 

hour after perfusion of the mycotoxin and indicating a half life of 7.12 minutes (Ramos and 

Hernandez, 1996).  The other AF forms showed mean half life absorption rates of 10.24, 

19.90, and 26.32 minutes for AFB2, AFG1, and AFG2, respectively.   

Once absorbed, AFB1 will travel through the bloodstream to arrive first at the liver 

where it will be metabolized and in turn activated.  Interestingly, AFB1 is not the form of 

highest toxicity but rather the metabolites (Figure 1) produced within the body are ultimately 

the toxic forms (Mclean and Dutton, 1995).  These metabolites have the opportunity to be 

harmful prior to excretion from the body. 
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Figure 1. Metabolites of aflatoxin B1 (Mclean and Dutton, 1995). 
 

 

Metabolism begins when AFB1 is transported across the plasma membrane of cells 

and is activated by microsomal enzymes, particularly cytochrome P450 (Mclean and Dutton, 

1995; Guengerich et al., 1998).  This enzyme will bind AFB1 to form the products of 

metabolism.  In one pathway, cytochrome P450 can cause epoxidation of AFB1 to form a 

highly reactive metabolite AFB1-8,9-epoxide (Eaton and Gallagher, 1994).  The reaction is 

an acid catalyzed mechanism that is highly dependent on proton concentration, with 

increased rates with a pH of less than 5 (Johnson et al., 1996).  The two primary forms of 

cytochrome P450 responsible for AFB1 bioactivation appear to be P450 3A4 and 1A4 in  
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humans, and may involve 3A37 and 1A in other animals such as turkeys (Guengerich et al., 

1998; Rawal and Coulombe Jr., 2011).  The 8,9-epoxide molecule formed can react with 

nucleic acids of DNA and RNA to form the guanyl N7 adducts (Guengerich et al., 1998).  In 

this step, the epoxide is integrated between DNA base pairs which results in nuclear damage 

and possible mutations.  Thus the 8,9-epoxide is considered the form of AFB1 which is 

carcinogenic (Mclean and Dutton, 1995).    

In another step, the expoxide may also be oxidized to form 8-hydroxy-8,9-

dihydroaflatoxin, or aflatoxin B2α (AFB2α).  This form can bind rapidly to amines in proteins 

to form Schiff bases (Mclean and Dutton, 1995; Eaton and Gallagher, 1994).  This activated 

product can bind to cellular macromolecules including the rough endoplasmic reticulum, or 

to other cellular proteins such as pyruvate kinase and albumin (Mclean and Dutton, 1995).  

This metabolite of AFB1 has also been shown to bind to nuclear location sequences found on 

histones to increase nuclear translocation.  It is thought that the acute toxic effects of AFB1 

are through the AFB2α metabolite.          

The action of cytochrome P450 on AFB1 can also cause this compound to be 

hydroxylated or demethylated to 3 other polar metabolites that include aflatoxin M1 (AFM1), 

aflatoxin Q1 (AFQ1), and aflatoxin P1 (AFP1) (Mclean and Dutton, 1995; Eaton and 

Gallagher, 1994).  The production of AFM1 and AFQ1 occur by hydroxylation, and AFP1 by 

O-demethylation.  These metabolites can be released by the hepatocytes and excreted from 

the body.  Uniquely, AFM1 can be released into milk.  If later consumed, AFM1 is about 30 

% as carcinogenic as AFB1, but matches in acute toxicity (Eaton and Gallagher, 1994).  The  
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other metabolites of AFB1 are generally less toxic. 

The primary mode of detoxification and excretion of AF epoxide involves 

conjugation to reduced glutathione through the glutathione S-transferase (GST) enzyme 

(Mclean and Dutton, 1995; Eaton and Gallagher, 1994).  The conjugate form between AFB1 

and glutathione can be excreted through the bile.  The excretion of AF DNA adducts is 

exclusively in the urine, as seen in rats (Wang and Groopman, 1999).  In this case, the intake 

of AFB1 and the excretion of N7-guanine adduct is highly correlated.  The other AFB1 

metabolites can also be excreted in urine through formation with conjugates such as 

glucuronide or sulphate (Mclean and Dutton, 1995).   

Differences in the pathways of AFB1 biotransformation are the underlying 

determinants of variation in species sensitivity (Eaton and Gallagher, 1994).  In particular, 

species differences occur with the GST enzyme pathway and the selectivity of GST toward 

the AF epoxide.  For example, mice have 50 to 100 fold greater conjugation activity than 

rats, leading mice to be less sensitive to AFB1 exposure.  Previous research has suggested the 

order of species glutathione conjugation to be mice > rats > humans (Raney et al., 1992).  

Conjugation of other metabolites with glucuronide or sulphate can also be different by 

species, leading to varied toxicity.              

Funonisin 

 Fumonisins are a group of mycotoxins produced primarily by F. verticillioides 

(Bouhet and Oswald, 2007).  Several forms exist, however fumonisin B1 (FB1) is the most 

common (Figure 2), often representing 70 % of the total FUM that contaminate grains  
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(Dilkin et al., 2003).  Fumonisin toxicity occurs primarily through its action on enzymes 

important for cellular function.  As a result, FB1 results in several diseases in animals.  

Horses may develop equine leukoencephalomalacia (ELEM) and pigs show porcine 

pulmonary edema (PPE) (Shier, 2000; Bouhet and Oswald, 2007).  Nephrotoxicity is also 

observed in rats, rabbits and lambs, hepatotoxicity is common in all species, and FB1 is a 

carcinogen as well.  Growth performance is also shown to decrease in pigs and chickens 

(Ledoux et al., 1992; Dilkin et al., 2003).   

 

 
Figure 2. Chemical structure of fumonisin B1 (Hussein and Brasel, 2001). 

 
 

 After ingestion, the small intestine is exposed to the highest levels of FB1.  In 

animals, intestinal tissue damage has been observed as well as an increased immune response 

of the intestinal cells (Bouhet and Oswald, 2007).  Alterations of nutrient uptake have also 

been observed.  However, the absorption of FB1 in the intestinal tract appears to be low as 

indicated by low detection levels of FB1 in plasma and tissues after oral consumption 

(Bouhet and Oswald, 2007).  In pigs, laying hens, and cows, the bioavailability of FB1 is 

found to be less than 6 % based on a lack of absorption into the blood.  Fumonisin  
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metabolism in rats shows that up to 80 % of ingested FB1 could be recovered in the feces and  

3 % in the urine (Bouhet and Oswald, 2007).  Fodor et al. (2006) indicate that as much as 86 

% of the ingested FB1 can be found in the feces and 14% in the urine of young pigs.  Fecal 

concentrations of FB1 may result due to a lack of FUM absorption or from the absorbed 

portion of the mycotoxin being excreted into the bile which later is excreted with the feces.   

The low bioavailability of FB1 leads to the question of how it can be so toxic.  This 

idea has been indicated by Shier (2000) as the “fumonisin paradox,” where toxicity of this 

mycotoxin occurs despite the low absorption.  Thus, the exact mechanism of FUM 

absorption is not clearly defined.  There is some speculation that FB1 entry into the body may 

be through absorption and incorporation into mixed micelles in the enterocytes rather than 

directly into the blood (Bouhet and Oswald, 2007).  Other research indicates that FB1 is 

metabolized prior to absorption, and it is these metabolites that enter the circulation (Fodor et 

al., 2008).  Two primary metabolites of FB1 include partially hydrolyzed FB1 (PHFB1) and 

aminopentol.  The latter molecule has a higher absorption rate due to the fact that it is a 

hydrophilic molecule (Fodor et al., 2008).  Once within the body, this metabolite is further 

metabolized to N-palmitolyaminopentol which is about 10 fold more toxic than FB1 (Humpf 

et al., 1998).  Thus, despide the low absorption rates of FB1, a small amount can be highly 

toxic.  Another plausible reason for low FB1 bioavailability may relate to contamination 

source.  Previous research on FB1 absorption and metabolism has primarily focused on pure 

or cultured mycotoxins rather than natural contamination.  In grains, such as corn, it is 

speculated that FB1 can bind to amino acids such as lysine (Shier, 2000).  Absorption may be  
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enhanced in this way through the use of an oligopeptide transporter as the FB1 amino acid 

compound is absorbed into the intestinal epithelial cells to be later released within the body.      

 Fumonisin B1 appears to cause animal disease through 2 modes of action.  The 

primary method involves the inhibition of ceramide synthase, a key enzyme in biosynthesis 

of sphingolipids in intestinal epithelial cells (Bouhet and Oswald, 2007).  Sphingolipids are a 

family of biologically active membrane lipids (Ogretmen and Hannun, 2004).  These lipids 

play important roles in the structure and fluidity of the lipid bilayer of cell membranes.  

Sphingolipids have important biological roles in multiple aspects of cell biology, including 

cell proliferation, cell death (apoptosis), inflammatory responses, and cancer (Ogretmen and 

Hannun, 2004).  Inhibition of the ceramide synthase enzyme by FB1 occurs as a result of the 

structurally similarity of this mycotoxin to the sphingoid bases sphinganine and sphingosine 

(Motelin et al., 1994; Shier, 2000; Marasas et al., 2004).  These bases can interact directly 

with ceramide synthase to alter function.  Thus, the inhibition of this enzyme reduces 

sphingolipid formation and release of free sphingoid bases into the blood (Bouhet and 

Oswald, 2007).   

One sphingolipid of importance is sphingomyelin, which is important for membrane 

stability and is involved with some membrane receptors (Shier, 2000).  Thus, disruption in 

sphingolipid metabolism can cause defects to cell membranes and in turn cell function.  Free 

sphinganine bases are also shown to alter second messenger function which can reduce 

cellular growth or increase apoptosis (Shier, 2000; Marasas et al., 2004).  Liver and kidney 

damage observed in many animal species are also likely caused by this free sphinganine.   
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The second mechanism of FUM action is minor, but involves changes to phospholipids and 

polyunsaturated fatty acid pools in the liver (Bouhet and Oswald, 2007).  This latter involves 

disruption of the enzyme delta-6 desaturase and cyclooxygenase pathways.      

Unabsorbed FB1 will be eliminated through the feces, as will absorbed FB1 which is 

excreted through the bile into the digesta (Fodor et al., 2006).  Fecal FB1 may be unchanged 

in its form, or it may be depleted of one ester linked tricarballylic acid at the C14-position 

forming the PHFB1 metabolite (Bouhet and Oswald, 2007; Fodor et al., 2008).  This 

hydrolysis appears to be only completed by microorganisms in the gastrointestinal track 

(Fodor et al., 2006).  A portion of the absorbed FB1 will also be excreted into the urine as 

FB1 and its metabolites.   

Deoxynivalenol 

 Deoxynivalenol belongs to a group of mycotoxins termed the trichothecenes, which 

includes over 180 mycotoxins produced by species Fusarium and Stachybotrys fungi (Pestka, 

2007).  In grains, DON may frequently be found with its 2 acetylated derivatives of 3-ADON 

and 15-ADON (Pinton et al., 2012).  These derivatives may make up 10 to 20 % of the total 

DON contamination, and it is suggested that 3-ADON may have higher toxicity than DON.  

Deoxynivalenol is known informally as “vomitoxin” due to its action of inducing vomiting in 

animals after consumption.  To date, all animal species evaluated are affected by DON, with 

the ranking of greatest to least sensitive being pigs followed by mice and rats (Pestka, 2007).  

Poultry and ruminants appear to be least affected, but effects being similarly between them.  

As with AF, differences in species sensitivities to DON may be due to varied processes of  
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absorption, metabolism, and elimination.    

 The initial absorption of DON from the intestine occurs in the proximal sections of 

the small intestine and it is a rapid process.  In pigs, DON has a bioavailability of 40 to 60 % 

and reaches peak concentrations in the plasma within 15 to 30 minutes after an intragastric 

bolus of DON (Prelusky et al., 1988).  These plasma levels of DON remained elevated for 9 

hours, and declined slowly with DON having a half life of about 7 hours.  For pigs 

consuming grains naturally contaminated with DON, peak absorption may take up to 4 hours 

(Danicke et al., 2004).  Absorption of DON through the intestine is also rapid in other 

species, where mice given orally administered DON had peak uptake occurring within 30 

minutes (Azcona-Olivera et al., 1995).  Chickens and ruminants are more tolerant to DON, 

which appears to be due to an increased incidence of DON conversion to de-epoxy DON 

(DOM-1) which is non-toxic (Pestka, 2007).  The conversion of DON to DOM-1 occurs by 

bacterial microflora in the intestinal tract, located in the crop and rumen, which metabolise 

DON to DOM-1 prior to the small intestine (Maresca, 2013).  As a result, less DON enters 

the small intestine. 

 Specific mechanisms of DON absorption through the intestine appear to be through 

paracellular pathways at tight junctions or may also cross by some passive cellular diffusion 

(Sergent et al., 2006; Pestka, 2010).  These actions are feasible due to the fact that DON is a 

small hydrophilic (water dissolvable) molecule.  In regard to paracellular transport, DON  

contributes decreased expression of the claudin protein family of tight junction proteins, 

specifically claudin-4 (Pinton et al., 2010).  It is speculated that DON acts in this function by  
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inducing phosphorylation of p44/42 extracellular signal-regulated kinase (ERK), a mitogen-

activated protein kinase (MAPK).  The MAPKs modulate many physiological processes 

including cell growth and differentiation, as well as apoptosis (Pestka, 2007).  When ERK is 

activated, this will in turn decrease the expression of claudin-4 that in turn alters barrier 

function.  Once the barrier is compromised, DON and other intestinal contaminants may 

readily penetrate the animal’s gastrointestinal tract.                      

 Once through the basolateral side of the intestinal epithelial cells, it appears that DON 

undergoes little metabolism (Sergent et al., 2006).  At this point, the molecular mechanism 

for the action of DON is primarily on ribosomal function (Figure 3).  First, DON can interact 

with the ribosome to alter the RNA translation due to its action on the enzyme peptidyl 

transferase (Pestka, 2010).  This in turn impairs translation initiation and peptide elongation.  

Secondly, DON can cause damage to 28S rRNA, located within the 60S ribosomal subunit, 

by depurination of adenine (Pestka, 2007; Li and Pestka, 2008).  As a result of this ribosomal 

alteration, the two kinases termed double-stranded RNA-activated protein kinases (PKR) and 

hematopoietic cell kinase (Hck) are activated.  These two enzymes may then go on to induce 

phosphorylation of other MAPK cascades that can alter nuclear transcription to cause a 

proinflammatory response or activate cellular apoptosis (Pestka, 2007).  This function on the 

ribosome and MAPKs is a process known as the ribotoxic stress response (Pestka, 2007).   
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Figure 3. Proposed molecular mechanism of deoxynivalenol. Once entering the cell, 
deoxynivalenol can bind to ribosomes.  This can signal the activation of RNA-activated 
protein kinases (PKR) and hematopoietic cell kinase (Hck), inducing phosphorylation of 
mitogen-activated protein kinase (MAPK) cascades that can alter nuclear transcription or 
induce cell death (adapted from Hussein and Brasel, 2001, and Pestka, 2007). 
 

Both protein and DNA synthesis are inhibited by DON in cell lines, which are 

thought to occur by impairment in peptidyl transferase (Shifrin and Anderson, 1999).  

Uniquely, observations indicate that lower concentrations of DON may actually have the 

strongest effect on synthesis inhibition.  The effects of DON on DNA synthesis may also be 

stronger than the effects on protein synthesis, as indicated by an 85 to 90 % reduction in 

DNA synthesis and a 40 to 45 % reduction in protein synthesis in cells exposed to 5 µM of 

DON (Kouadio et al., 2005).  However, DON appears to inhibit both DNA and protein 

synthesis to a greater extent than ZEA or FB1.  Alterations to protein sysntesis may also be a  

cause of reduced nutrient uptake by DON.  In fact, low concentrations of 10 µmol/L DON  
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were shown to reduce glucose, galactose, and fructose absorption through inhibiting the 

activity of transporters in a human intestinal cell lines (Maresca et al., 2002).  In this case, the 

D-glucose/D-galactose sodium-glucose dependent transporter (SGLT1) activity was inhibited 

by 50%, whereas the D-fructose transporter GLUT5 showed a 42% reduction in activity.  At 

high concentrations of 100 µmol/L, DON inhibited SGLT1 activity by 76% (Maresca et al., 

2002).  The mechanism of action for DON on this transporter is still unknown, but is 

suggested to occur through a reduction in protein synthesis or increased cellular apoptosis.  

Doexynivalenol is excreted from the body in different ways depending on the species 

consuming this toxin.  Most DON is excreted unmetabolized, or in the forms of DOM-1, 

glucuronide-DON, and glucuronide-DOM-1 (Goyarts and Danicke, 2006; Maresca, 2013).  

In pigs, urinary excretition of DON is shown to be the major route of elimation with 

unmetabolized DON as the primary form (Goyarts and Danicke, 2006).  Fecal excretion may 

also occur, primarily as DOM-1.  In contrast, poultry and ruminants primarily excrete DOM-

1 in the feces (Pestka, 2007).          

Zearalenone 

 Zearalenone (Figure 4) belongs to the trichothecene group of mycotoxins along with 

DON (Chaytor et al., 2011a).   In grains, ZEA is often found to co-contaminate with DON as 

a result of being produced by the same fungal species.  Zearalenone has estrogenic effects as 

a result of its structure which contains a phenolic β-resorcyclic acid lactone (Ramos et al.,  

1996; Richard, 2007).  This chemistry allows ZEA to compete with 17-β-estradiol in its 

binding to cytosolic oestrogen receptors located in reproductive organs such as the uterus and  
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mammary gland, as well as areas of the brain including the hypothalamus and pituitary 

(Kouadio et al., 2005).  Subsequently, ZEA can alter many aspects of the reproductive cycle.  

Zearalenone also plays a role in inducing lipid peroxidation, cell death, inhibiting DNA and 

protein synthesis, and inducing DNA fragmentation.      

 

 
Figure 4. Chemical structure of zearalenone (Hussein and Brasel, 2001). 

 
 

When ZEA is consumed, it will first be absorbed rapidly through the small intestine 

by passive diffusion (Ramos et al., 1996).  This absorption occurs very quickly due to high ka 

value, indicating that 1 hour after in situ perfusion of a solution containing ZEA, only 0.0095 

% remains unabsorbed (Ramos et al., 1996).  As it turns out, the half life of ZEA in the 

intestinal lumen is only about 4.48 minutes which further supports the rapid absorption.  

However, the half life for plasma elimination is much longer at 87 hours (Ramos et al., 1996; 

Fink-Gremmels and Malekinejad, 2007).  Within the intestinal enterocytes, ZEA is 

metabolized to α- and β-zearalenol (Fink-Gremmels and Malekinejad, 2007).  It is these 

metabolites, along with the parent ZEA compound, which are conjugated by UDP-glucurinyl  

transferases to be excreted from the body through the urine and bile.  Generally, ZEA and α-

zearalenol (α-ZOL) are the two compounds found in the organs of the body, whereas β- 
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zearalenol (β-ZOL) is observed to a lesser extent.  During the process of metabolism, the first 

step is the reduction of the keto group on carbon 6 of ZEA to form either α-ZOL or β-ZOL 

by the enzyme 3-alpha-hydroxysteroid dehydrogenase (Fink-Gremmels and Malekinejad, 

2007).  Interestingly, species differences exist for the ratio between these two stereoisomers 

of zearalenol.  In pigs and humans, there is a higher rate of α-ZOL formation, whereas β-

ZOL is more prevalent in ruminants and poultry (Malekinejad et al., 2005).  However, both 

ruminants and poultry are overall more tolerant to ZEA.       

 Once absorbed and activated, ZEA can exert its toxic estrogenic effects.  A primary 

way by which ZEA can function is through binding to estrogen receptors (Fink-Gremmels 

and Malekinejad, 2007).  The ZEA receptor complex then can be transferred into the nucleus 

where it can bind to estrogen response elements that alter gene transcription.  The major 

estrogen receptors (ER) are ERα and ERβ (Fink-Gremmels and Malekinejad, 2007).   The 

expression of ERα is found in germinal epithelium cells, interstitial cells, and theca cells of 

the oocyte (Cardenas et al., 2001; Beker-Van Woudenberg et al., 2004).  In contrast, ERβ is 

observed in granulose and cumulus cells.  Kuiper et al. (1998) showed that ZEA is a full 

antagonist of ERα, but plays a role as only a partial antagonist of the β form.  It is by this 

method that ZEA may play a role in affecting oocyte maturation in females.  Due to the fact 

that ZEA mimics 17-β-oestradiol, it can bind to the ERs to impair oocyte maturation     

Toxicity to Animals 

For species that are sensitive to mycotoxins, effects can vary from reduced growth 

performance to immune system alterations, tissue damage, and oxidative stress (Chaytor et  
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al., 2011a).  Each of these negative effects of mycotoxin consumption is problematic on their 

own, but together may severely impact the overall health of the animal.  As a result, it is 

important to understand the impact that mycotoxins have on animals if one wants to manage 

mycotoxins.      

Performance 

Growth and feed intake reduction are often the initial and most prominent symptoms 

observed as a result of an animal’s consumption of mycotoxins.  Studies have indicated that 

growth can be reduced by 5 % at concentrations of 300 µg/kg of AF for pigs, and 1,000 

µg/kg for broilers (Dersjant-Li et al., 2003).  Other studies have indicated a stronger effect of 

AF on pigs at similar concentrations, reducing growth by 22 % (Panangala et al., 1986).  In 

broilers, other research has indicated that lower levels of 200 µg/kg can significantly reduce 

growth (Mani and Sundaresan, 1998).  In pig feeding studies, the addition of low levels of 

AF is also shown to reduce daily feed intake by 3.5 %, whereas higher levels of 500 µg/kg 

can reduce feed intake by 38.4 % (van Heugten et al., 1994; Rustemeyer et al., 2010).   

Consumption of FUM is also harmful to growth performance.  Contamination of FB1 

at 21 mg/kg and 251 mg/kg is shown to reduce growth by 5 % in pigs and poultry, 

respectively (Dersjant-Li et al., 2003).  However, other literature indicates that significant  

effects on performance can occur at levels below 21 mg/kg.  Rotter et al. (1996) indicated 

that gain was reduced by up to 11 % after pigs consumed a chronic low dose of 10 mg/kg 

FB1.  It is speculated that growth was impaired due to a lack of nutrient absorption in the 

intestine.  In vitro studies have indicated an inhibition of folate uptake by FB1 in human cell  
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lines, which may be due to the inhibition of sphingolipids biosynthesis and in turn 

sphingomyelin formation (Stevens and Tang, 1997; Marasas et al., 2004).  Sphingomyelin is 

not only a major component of the plasma membrane of cells, but is also needed for the 

glycosylphosphatidyl-inositol-anchored folate receptor.  Thus, the inhibition of this receptor 

reduces folate absorption.  Folate is an essential vitamin, playing the role of cofactor in 

important biochemical reactions involving one-carbon metabolism (Stevens and Tang, 1997).  

Folate deficiency also causes neural tube defects (Marasas et al., 2004).  Thus, FB1 may be 

harmful for embryonic development.   

When animals consume DON, there are several symptoms that occur.  Most notable 

is a reduction in feed intake and subsequent growth (Chaytor et al., 2011a).  Low 

concentrations of DON at 600 µg/kg can also reduce growth by 5 % in pigs (Dersjant-Li et 

al., 2003).  One probable mechanism to explain the effect DON has on feed intake and 

growth of animals is through its effects on neurotransmitters.  Neuro-endocrine transmitters 

such as norepinephrine, dopamine, and 5-hydroxy-tryptamine (5HT, serotonin) are altered by 

DON.  It is this alteration to neuroendocrine signals which control hunger and satiety by 

which DON may modulate intake and gain.  Prelusky et al. (1992) found that pigs  

administered intravenous DON (0.25 mg/kg) had elevated brain norepinephrine levels and 

decreased dopamine concentrations.  At the same time, serotonin increased during the first 

hour before dropping below control concentrations.  Consumption of grains naturally 

contaminated with DON may also alter brain neuroendrocrine response in pigs.  Shen et al. 

(2012) showed that pigs consuming DON had lower hypothalamic serotonin.  Other species,  
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such as poultry, are more tolerant to DON and show fewer alterations to brain constituents 

(Prelusky et al., 1992).   

Immunity 

 The immune system is often a target of mycotoxins.  Aflatoxin can act as both an 

immune suppressor and activator.  Consumption of contaminated grains are shown to 

increase susceptibility to infection, reduce protection conferred by vaccination, decrease 

macrophage function, decrease natural killer cell cytolysis, increase the production of 

proinflammatory cytokines (Meissonnier et al., 2008).  The proinflammatory cytokines such 

as tumor necrosis factor alpha (TNFα), interleukin (IL) 1β, IL-6, and interferon gamma are 

all upregulated by AF (Meissonnier et al., 2008; Chaytor et al., 2011b).  The regulatory 

cytokine, IL-10, also appears to be upregulated due to AF exposure.  Other subsets of the 

immune system can also be altered by this mycotoxin.  Harvey et al. (1989) showed that pigs 

consuming high levels of AF had increased white blood cell (WBC) numbers.  On the other 

hand, Marin et al. (2002) indicated that WBC count decreased in pigs consuming moderate 

levels of AF.  Thus, it is observed that AF may have varying effects on the immune system 

depending on mycotoxin contamination level but there is no doubt that AF plays a role in an 

inflammatory response.           

 Fumonisin B1 is shown to have an impact on immune parameters, primarily those 

involved with the intestinal epithelial cells.  Orally consumed FB1 can alter cytokine 

production at both the mRNA and protein levels (Bouhet and Oswald, 2007).  Bouhet et al. 

(2006) showed that FB1 ingestion by piglets decreased ileal expression of interleukin-8 (IL- 
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8), a proinflammatory cytokine.  This decrease in IL-8 may in turn cause a reduction in 

recruitment of inflammatory cells of the immune system needed during an infection, leading 

to increased susceptibility of piglets to intestinal infections during an FB1 challenge.    

 Fumonisin may also play a role in the development of viral diseases.  In pigs, Porcine 

Reproductive and Respiratory Syndrome (PRRS) is a RNA viral disease (Ramos et al., 

2010).  This virus is highly infectious and replicates primarily in the lung within 

macrophages.  Animals infected with PRRS develop respiratory problems, reproductive 

disorders, and a loss of productivity.   Ramos et al. (2010) indicated that the development of 

PRRS in pigs increased when FB1 was simultaneously consumed, speculating that this 

mycotoxin caused immune suppression.      

The immune system is also a target of DON.  Depending on the ingested level, DON 

may either stimulate or suppress the functions of the immune system (Frankič et al., 2008).  

Typically, high levels of DON will impair immunity and result in increased production of 

immunoglobulin A (IgA), immune cell death, or increased incidence of secondary diseases.   

On the other hand low levels of DON may enhance the animal’s immune response.  

Elevation of immune related cytokines and chemokines may also be mediated by DON 

through gene upregulation in macrophages, monocytes, and T-cells (Pestka, 2010).  In some 

cases, DON upregulates mRNA for the cytokines TNFα, interleukin-2 (IL-2), IL-6, and IL-8.  

The primary method for this inflammatory action of DON is by inducing expression of 

transcription factors responsible for these immune related genes (Pestka, 2010).  

Deoxynivalenol may also act by targeting leukocytes, to reduce their phagocytic activity  
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(Borutova et al., 2008).  As a result, the immune system can be compromised.  

Oxidative Stress 

 Oxidative stress refers to degradation of cellular components caused by the 

production of reactive oxygen species (ROS), such as nitric oxide or superoxide anions (Abel 

and Gelderblom, 1998; Cadenas and Davies, 2000).  Within cells, ROS may play an 

important role in tissue damage and the initiation of carcinogenesis (Valavanidis et al., 2009).  

During normal cellular reactions, ROS are produced but it is an overproduction of free 

radicals that causes cellular damage.  As a result, damage can occur to proteins, lipids, DNA, 

and carbohydrates (Abel and Gelderblom, 1998).  Oxidative stress may cause cell death and 

induce cancer through changes to genetic information and cell membranes.    

Oxidative stress, in the form of lipid peroxidation and DNA damage can occur by AF.  

In the case of lipid peroxidation, cell injury may be caused by AFB1 mediated release of free 

radicals (Rastogi et al., 2001).  These free radicals can initiate lipid peroxidation which can  

damage cell membranes.  This effect has been shown in rat liver through measurement of 

malondaldehyde, an end product of lipid peroxidation (Shen et al., 1994).  The greatest lipid 

peroxidation occurred in the liver microsomes, the same location as AFB1 metabolism and 

thus indicates that AFB1 induced lipid peroxidation may be the underlying mechanism for 

AF cellular injury.  Aflatoxin induced DNA damage occurs through the formation of the 

DNA adducts (Wang and Groopman, 1999).  Previous research has indicated that oxidative 

DNA damage can be measured in rats and pigs consuming AFB1 (Shen et al., 1995). 

Fumonisin B1 is responsible for causing oxidative stress.  Due to the changes of  
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membrane lipid biosynthesis caused by FUM, it is likely that this mycotoxin can cause lipid 

peroxidation through this pathway (Abel and Gelderblom, 1998).  In fact, it has been shown 

that FB1 increases lipid peroxidation in the rat liver.  High levels of FB1 caused an increase in 

lipid peroxidation in rat livers, particularly in the plasma membrane and microsome fractions 

(Abel and Gelderblom, 1998).  Lower concentrations of FB1 may also cause oxidative stress.  

Domijan et al. (2007) studied rats consuming FB1 at 0.2 µg/kg body weight or 50 µg/kg body 

weight, both of which were considered low doses of the mycotoxin.  These researchers found 

that both doses of FB1 did not cause oxidative damage to the liver, but did increase lipid and 

protein damage in the kidney.  

The mechanisms of FB1 to induce oxidative damage are still being investigated.  

However, several studies have indicated that FB1 reduces the levels of glutathione in pig 

kidney cells and human, rat, and mouse neural cell cultures (Kang and Alexander, 1996;  

Stockmann-Juvala et al., 2004).  This change in glutathione then reduced protection against 

this mycotoxin.  Others have speculated that FB1 may uniquely induce cancer through 

alterations to signal transduction pathways (Wang and Groopman, 1999).   

 Deoxynivalenol and ZEA also cause oxidative stress, although their effects may be 

less potent than FUM (Kouadio et al., 2005).  Interestingly, this ranking appears to correlate 

well to the hydrogen bond acceptor count of each mycotoxins, respectively 16, 6, and 5 for 

FB1, DON, and ZEA.  In poultry, DON and ZEA are both shown to increase levels of lipid 

damage in liver and kidney tissues (Borutova et al., 2008).  At the same time, these 

mycotoxins also reduced the activity of the glutathione peroxidase enzyme but an increase in  
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activity of gamma-glutamyl-transferase (GGT).  The latter enzyme functions to transfer 

amino acids across cell membranes, and is important in glutathione metabolism (Borutova et 

al., 2008).  Elevated serum GGT is also used as an indicator of liver damage.           

Organ Damage 

 Aflatoxin is known to cause tissue damage to several organs.  The liver is a primary 

target for AF, due to the fact that the majority of metabolism occurs here (Agag, 2004).  Both 

liver and kidney damage has been observed in pigs consuming high levels of this mycotoxin 

(Harvey et al., 1991).  Forms of tissue damage include hepatic lesions, vacuolation, fibrosis 

and bile duct hyperplasia.  Consumption of AF is not only problematic for animals, but can 

also be harmful to humans as well.  Several studies have indicated that AF can be transferred 

to the human fetus through cord blood and later to the child through breast milk (IRAC,  

2002).  In both cases, AFM1 is the primary metabolite being transferred.  Dietary intake of 

AFB1 is also linked to an increased incidence of liver cancer in humans (IRAC, 2002).  

Consumption of AF has also been linked to increased incidence of hepatitis B virus (HBV) 

and development of liver cancer in some countries (IRAC, 2002).  To confirm this 

interaction, HBV-transgenic mice and woodchucks have been used which also suggest a 

synergistic effect between HBV and AFB1 in the development of liver cancer (Bannasch et 

al., 1995). 

Fumonisin B1 consumption can result in several organ diseases in animals, and is 

observed to be species specific in its toxicity (Domijan et al., 2007).  Equine 

leukoencephalomalacia develops due to a softening and necrosis of the white tissue of the  
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cerebral hemispheres of the brain (Nelson, 1993; Richard, 2007).  The symptoms of this 

disease include reluctance to move backwards, aimless circling, ataxia, and lack of 

comprehension, followed in later stages by a period of frenzied delirium where the horse may 

run wildly into objects.  The onset of the disease is rapid, lasting only several hours to several 

days from the initial clinical signs until death (Nelson, 1993).  Fumonisin is now known to 

play a role in the development of this disease.  Research conducted by Ross et al. (1993) 

indicated that ponies consuming feed naturally contaminated with 44 to 88 mg/kg FB1 had 

elevated serum biochemical parameters, encephalopathy and hepatic necrosis, and developed 

ELEM.  These researchers concluded however that length of mycotoxin exposure, level of 

contaminant, previous exposure experiences, and individual animal variances appear to play 

roles in the development of ELEM (Ross et al., 1993).     

In pigs, PPE can be observed after FB1 consumption.  Porcine pulmonary edemia is 

characterized by the accumulation of membranous material in the epithelial cells of the lung 

(Ramos et al., 2010).  This disease can have a significant impact on the swine industry.  In 

1989, U.S. swine producers saw numerous outbreaks of PPE (Nelson, 1993).  As it turns out, 

corn harvest that season was contaminated with high levels of FB1.  More recent research has 

shown that oral consumption of 12 mg/kg FB1 by pigs can cause PPE (Ramos et al., 2010).  

Consumption of FUM can also cause liver damage in pigs (Casteel et al., 1993).  Rats appear 

to develop both liver and kidney damage due to the consumption of this mycotoxin (Domijan 

et al., 2007).  Laboratory rats exposed to FUM culture material can develop liver lesions 

including cirrhosis, hyperplasia, and bile duct proliferation (Casteel et al., 1993).   
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Interestingly, it has been observed that male rats are more susceptible to FB1 than females 

(Domijan et al., 2007).       

 Feeding of DON to pigs causes multi-organ toxicity.  At moderate levels of DON 

consumption, tissue damages include necrosis and blood vessel thickening (Chen et al., 

2008).  In a study investigating the effects of AF and DON together on tissue damage, liver 

fibrosis was significantly increased by feeding these mycotoxins (Chaytor et al., 2011b).  The 

similarly produced ZEA also may damage internal organs, but in this cause the primary 

targets are the organs of the reproductive system.  Zearalenone disrupts reproductive 

physiology where animals will exhibit puberty at a younger age without increasing ovulation  

or conception rates (Chen et al., 2008).  Pregnant sows that ingest ZEA will often have 

smaller litter sizes, increased embryonic death, and weak piglets.  Cervix and vulva swelling 

is observed in pigs, as well as uterine tissue hyperplasia and hypertrophy (Doll et al., 2003; 

Tiemann and Danicke, 2007).  Research has also indicated that this mycotoxin may cause 

breast cancer by stimulating growth of these cells through its estrogenic effects (Hussein and 

Brasel, 2001).   

Mycotoxin Co-Contamination 

 On their own, mycotoxins are certainly harmful.  However, the impacts of 

mycotoxins on animal and human health are made more complicated by mycotoxin co-

contamination.  When two or more mycotoxins are consumed simultaneously, they may act 

together synergistically to cause stronger effects.  Co-contamination can occur by a variety of 

methods.  Naturally, mycotoxins may contaminate crops together or they may be combined  
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when grains are mized together during feed processing (CAST, 2003).  For example, AFB1 

and FB1 can commonly co-contaminate crops such as corn and sorghum (IARC, 2002).  

Previous research indicates that these two mycotoxins have an extremely high occurrence of 

co-contamination, although there is no evidence for a correlation in contamination levels 

(Chamberlain et al., 1993; Vargas et al., 2001).    

Co-contamination may be a reason as to why animals are so greatly affected my 

mycotoxins in some cases but not in others.  Naturally contaminated grains are also shown to 

have a more severe effect on animal performance than grains containing chemically derived  

mycotoxins added for research purposes (Dersjant-Li et al., 2003).  This observation is an 

interesting one, and leads to the speculation that these naturally contaminated grains may 

have a stronger effect because of mycotoxin co-contamination.  Animal trials have indicated 

the strong impact of dual mycotoxin consumption on animal performance.  In broilers, 

previous research has shown that the consumption of AF and FUM together has a synergistic 

effect on reducing growth, decreasing performance to a great extent together than alone 

(Miazzo et al., 2005).  This combination of mycotoxins also increased the effects of the 

mycotoxins on internal organs of the birds.  Chaytor et al. (2011b) indicated that a diet with 

low levels of AFB1 at 182 µg/kg and DON at 768 µg/kg together caused a 21 % reduction in 

daily weight gain of pigs.      

Kouadio et al. (2005) speculated that mycotoxins may have synergistic roles when 

considering their toxicity on cellular organelles, protein and DNA synthesis, and oxidative 

stress.  Using cell cultures, these researchers were able to show that FB1, DON, and ZEA all  
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target the mitochondria, to alter metabolism through succinate dehydrogenase activity.  

Considering that these mycotoxins are all produced by species of the Fusarium genus of 

fungi (Chaytor et al., 2011a), it is logical they may act on cellular constituents in a similar 

way.   Interactions between DON and ZEA are even more likely as they are both produced by 

F. graminearum.  Research has suggested that when these mycotoxins are combined at levels 

that do not cause toxic effects alone, toxicity increases due to this combination and results in 

spleen damage, increased abnormalities to oocyte nuclear material, and impairment of 

embryonic development (Fink-Gremmels and Malekinejad, 2007).       

As a result of mycotoxin co-contamination, is can be observed that although each 

mycotoxin causes significant harm on its own, together they may pose a greater challenge for 

animal health.  These synergistic effects, particularly in naturally contaminated grains, may 

be the reason for some of the observed differences in mycotoxin effects on animals. 

Dietary Management of Mycotoxins 

Feed Additives 

 Some feed additives can be added to the diet which may have the ability to reduce 

mycotoxin effects on animals.  The efficiency of these feed additives to interact with 

mycotoxins depends on their chemical structure and they type of mycotoxins.  Feed additives 

commonly considered mycotoxin reducing agents include clays and yeasts (Chaytor et al., 

2011a).  Clays function as adsorption agents due to the fact that they carry a negative charge 

which can bind positively charged or cationic mycotoxins (Ramos and Hernandez, 1997).  

Various clays are shown to have a high affinity for binding over 95 % of AF in vitro and are  
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also inducated to have some ability to bind ZEA and ochratoxin (Huwig et al., 2001; Diaz et 

al., 2002).    

Yeasts materials appeat to have a strong binding capacity for reducing the effects of 

DON and ZEA on animals.  Binding of these mycotoxins by yeast generally occurs via cell 

wall β-D-glucan, a polysaccharide which makes up 50 to 60 % of the dry weight of the yeast 

cell wall (Yiannikouris et al., 2004a).  Previous studies have shown that β-D–glucan has the  

capacity to adsorb up to 50 % of ZEA in vitro, and can also adsorb DON, AF, and other 

mycotoxins such as ochratoxin A and patulin (Yiannikouris et al., 2004b; Yiannikouris et al., 

2006).  This binding ability is due to structural adsorption centers created by the β-D–glucan, 

which allow for mycotoxin association and binding through hydrogen bonds and van der 

Waals interactions (Jouany et al., 2005).  In these locations, β-D–glucan has structural 

symmertry to mycotoxins, particurarly ZEA and AF.  The structure of DON is less similar to 

to β-D–glucan, but is shown to bind to this cell wall component with at least two hydrogen 

bonds (Jouany et al., 2005).   

Another yeast product used to reduce mycotoxin effects is yeast culture, a product of 

Saccharomyces cerevisiae fermentation that contains β-D-glucans, other cell wall 

components such as mannoproteins, and fermentation metabolites (Shen et al., 2009).  Not 

only may yeast culture adsorb mycotoxins to the cell wall components, but it also has the 

ability to act as a prebiotic that can improve animal growth performance, improve the 

immune system, and protect gut morphology (van der Peet-Schwering et al., 2007; Shen et 

al., 2009).       

 



32 
 

 The addition of these more traditional feed additives to the diets of animals has had 

success in mitigating the effects of mycotoxins.  The addition of clay products, such as 

bentonite, is shown to improve body weight gain and feed intake of pigs consuming 

moderate to high levels of AF (Lindemann et al., 1993; Thieu et al., 2008).  Bentonite can 

also be used to reduce the effects of high levels of AFB1 and FB1 on growth production and  

tissue damage in broilers (Miazzo et al., 2005).  When other mycotoxins are considered, such 

as ZEA, adsorption kinetics must be remembered.  Due to the fact that ZEA rapidly crosses 

the intestinal lumen, it is imperative that compounds used to adsorb ZEA also function at a 

high rate.  Montmorillonite is one type of clay that appears to efficiently bind ZEA to reduce 

toxicity within the animal (Jiang et al., 2010).  The addition of yeasts to the diet can benefit 

animals consuming mycotoxins.  Interestingly, dietary yeast cell wall material is shown to 

prevent norepinephrine depression caused by DON and may also minimize the challenge of 

DON as indicated by a reduced immune response (Swamy et al., 2002).   

 Despite the knowledge that clays and yeasts are beneficial to animals consuming 

mycotoxins, there are still questions on how different products may work or if different 

mycotoxins or varied challenge situations may change the response to these feed additives.  

Thus, further research is needed to understand how these additives work in varying 

situations.  At the same time there may be other feed ingredients, either non-nutritional or 

nutritional, that may benefit animals challenged with mycotoxins.      

Nutritional Influences  

Dietary factors other than clay or yeast additives may also be influential in reducing  
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the effects of mycotoxins. Common feed ingredients, which are not typically thought of as 

mycotoxin reducing agents, may play a role in animals during a mycotoxin challenge.  One 

example is the use of cruciferous vegetables such as cabbage, broccoli, and brussel sprouts in 

the diets of rats consuming AFB1.  Interestingly, these vegetables protected the animals from  

liver damage associated with AFB1 intake (Whitty and Bjeldanes, 1986; Ramsdell and Eaton, 

1988; Salbe and Bjeldanes, 1989).  These vegetables are typically associated with decreased 

risk of cancers including colon, rectal, and bladder in humans and animals.  In rats however, 

the vegetables appear to reduce AFB1 effects as well.  The proposed mechanism for this 

function is thought to be through alterations to AF-DNA binding and GST enzyme activity.  

In these studies, AF binding to DNA was reduced by up to 87 %, and at the same time there 

was a 2.1 fold increase in hepatic GST activity (Whitty and Bjeldanes, 1986; Ramsdell and 

Eaton, 1988; Salbe and Bjeldanes, 1989).  At the same time, it was concluded that it was this 

detoxification route which was important in the reduced tissue damage rather than a 

reduction in AFB1 activation to the epoxide form.     

 The addition of antioxidants to the diet is also shown to protect against AF toxicity in 

several animal species.  The protective effects of antioxidants are linked to both AFB1 

biotransformation and conjugation (Eaton and Gallagher, 1994).  The addition of antioxidant 

substances to the diet, such as vitamin E, ascorbic acid, or carotenoides can reduce the effects 

of mycotoxins on animals (Frankič et al., 2008).   Benefits of feed ingredients containing 

antioxidant properties can also reduce mycotoxin effects on animals.  One example of such 

an ingredient is whey protein, a functional food containing a mixture of secreted proteins that  
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has been implicated in providing many health benefits to humans and animals (Saleh et al., 

2007).  Whey protein is also implicated in increasing GSH activity in the liver, and research 

has shown that rats consuming whey protein during an AFB1 challenge had reduced 

mycotoxin effects (Saleh et al., 2007).   

 Antioxidant addition to the diet has also been shown to reduce the effects of FB1 in 

rats.  Abel and Gelderblom (1998) showed that the addition of α-tocopherol to rat diets 

containing FB1 reduced the occurrence of lipid peroxidation.  This antioxidant is speculated 

to work in this fashion by preventing initial oxidative damage.     

Due to the potential benefits that common feed ingredients may provide to animals 

consuming mycotoxins, this topic may be an emerging area for research.  These ingredients 

thus have a role for not only improving animal health under normal circumstances, but also 

improving health during a mycotoxin challenge.  However, further research is still needed to 

determine if other ingredients also play a role in reducing mycotoxin effects in animals, and 

how these ingredients function in this process.    

Establishment of the Present Dissertation 

 Although a vast body of scientific literature exists on mycotoxins, there are still many 

unanswered questions about these compounds.  The overall objective of this dissertation was 

to answer some of these unknowns.  First, this dissertation will address mycotoxin 

occurrence and the impact of climatic conditions on mycotoxin development using data 

collected for corn AF levels in North Carolina (Chapter 2).  Secondly, the physiological 

effects of the mycotoxin DON are determined by completion of a pair-feeding trail (Chapter  
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3).  Third, this dissertation will determine the impact of low to moderate levels of the major 

mycotoxins on pigs, as well as assess various dietary methods to reduce mycotoxin effects on 

these animals (Chapters 4 to 6).  Finally, the results from previous studies will be combined 

in to identify and model mycotoxin effects on pig growth and health (Chapter 7).  Achieving 

this last objective will provide novel information on the impact of mycotoxin co-

contamination.  At the end of this dissertation, all information will be integrated to provide a 

conclusive summary (Chapter 8).  
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Abstract 

Aflatoxin (AF) contamination of corn in North Carolina between the years of 2004 to 

2011 was investigated to determine the levels of AF observed during this time, and to 

investigate climatic conditions promoting mycotoxin development.  A total of 469 corn 

samples were tested for AF by the North Carolina Department of Agriculture and Consumer 

Services.  Data were analyzed by multinomial logistic regression and categorized based on 

AF level: low (≤ 20 µg/kg); moderate (20 < AF ≤ 100 µg/kg); high (100 < AF ≤ 600 µg/kg); 

and extreme (AF > 600 µg/kg).  Temperature, precipitation, and drought severity (PDSI) 

were recorded for the spring, summer, and fall to accommodate each stage of crop 

development.  A total of 56.3% of samples had low levels of ≤ 20 µg/kg AF, whereas 24.3% 

had 20 < AF ≤ 100 µg/kg, and 14.9% had 100 < AF ≤ 600 µg/kg.  There were 4.5% of the 

samples that had > 600 µg/kg during this time period.  Aflatoxin content was influenced by 

some of the measured climatic conditions.  Spring temperature, precipitation, and PDSI, as 

well as summer temperature, were significantly (P < 0.05) associated with AF content in 

corn.  The calculated probabilities for the effects of each climatic condition on the different 

classifications of AF level indicated that there was an increased probability of higher AF 

levels in corn when spring temperatures were warm, along with low precipitation, and an 

increased drought severity.  Warmer summer temperatures were also related to increased AF 

levels.  Overall, it is concluded that AF contamination levels are influenced by temperatures 

and drought when the corn plant is in the vegetative and reproductive stages.  These data 

provides valuable information on the occurrence of AF in corn in North Carolina, and may be  
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useful in predicting yearly AF contamination.                 

Introduction 

 Aflatoxin (AF) is an important mycotoxin in agriculture.  Mycotoxins, toxic 

secondary metabolites of fungi, are estimated to contaminate over 25% of the world’s crops 

(Dilkin et al., 2003; Veldman, 2004).  Aflatoxin is produced primarily by Asperigillus flavus, 

with the major form being aflatoxin B1 (Scully et al., 2009).  This fungus is most common in 

latitudes of 25° to 35° north and south of the equator (CAST, 2003).  As a result, the 

Southeastern U.S is a geographic area with high prevalence of AF (Abbas and Shier, 2009; 

Scully et al., 2009).  In fact, some states in this region have documented ranges of 0 to 8,100 

µg/kg AF (Abbas and Shier, 2009).   

Ingestion of AF by animals can reduce performance, alter the immune system, cause 

oxidative stress, damage organs, promote cancer, and be lethal at high doses (IRAC, 2002).  

Due to its deleterious effects on health, FDA action levels are set at 20 µg/kg for 

commodities fed to immature animals and dairy species, 100 µg/kg for breeding swine and 

poultry, and 200 µg/kg for finishing swine (FDA, 1994).  Although these limits provide some 

safety, consumption of lower levels may still be toxic (Chaytor et al., 2011b).  Although AF 

can harm many species, pigs are one of the most sensitive.  As a result, North Carolina may 

be greatly affected by AF due to the extensive pig production.  Due to health impacts and 

economic losses for both animal and grain produces, it is important to understand the 

occurrence of AF in order to minimize mycotoxin contamination of feed.  Despite the 

observed high AF in grains, few studies have determined the specific field conditions that  
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promote AF contamination in corn in North Carolina, and none have developed prediction 

models for determineing future AF levels.  Thus, the aim of the current analysis is to evaluate 

AF contamination in North Carolina corn over an 8 year period and to investigate the 

climatic conditions that promote AF, in order to make predictions on future AF 

contamination.            

Materials and Methods 

Data Collection 

 A database was compiled for AF contamination levels in North Carolina corn from 

2004 to 2011.  Contamination levels of AF were obtained from the North Carolina 

Department of Agriculture and Consumer Services (NCDA).  The NCDA is regarded as the 

primary testing site for crop producers in North Carolina.  At this location, AF is determined 

by ELISA with further analysis completed by HPLC if concentrations are measured above 50 

µg/kg.  Results obtained from this laboratory represent corn samples submitted to the NCDA 

from across North Carolina.  

A total of 469 samples were analyzed for AF between the years of 2004 and 2011 in 

this study.  Samples represented corn from North Carolina that was submitted to the NCDA 

for AF analysis.  Data collected for each sample included county location, date of analysis, 

and AF concentration.  Samples were collected from the coastal and piedmont regions of 

North Carolina and were grouped by year.  For all data, AF values were considered only if 

samples were submitted and analyzed during the fall harvesting period including the months 

of August to November (USDA, 2010).  It should be mentioned that sampling procedures  

 

 



50 
 

and any information beyond the date and location the sample was shipped from are unknown.            

To understand the relationship between AF contamination level in corn grain and 

climatic conditions, temperature, precipitation, and drought records were obtained from the 

State Climate Office of North Carolina NC Cronos Database Climate Division Data 

(http://www.nc-climate.ncsu.edu/climate/climdiv.php).  Climatic conditions were determined 

by season including the spring (April and May), summer (June and July), and fall (August to 

November) in order to cover corn planting, growing, and harvesting periods in North 

Carolina (USDA, 2010).  Information on precipitation levels, temperatures, and the Palmer 

Drought Severity Index (PDSI) were recorded for each month within each season.  The State 

Climate Office of North Carolina defines PDSI as a value that “attempts to measure the 

duration and intensity of the long-term drought-inducing circulation patterns.  Long-term 

drought is cumulative, so the intensity of drought during the current month is dependent on 

the current weather patterns plus the cumulative patterns of previous months…PDSI index 

values generally range from -6 to +6, where negative values denote dry spells, and positive 

values denote wet spells.”    

Statistical Analysis 

 The relationship between AF contamination levels and climatic conditions within 

North Carolina were assessed in a multinomial logistic regression model using the 

GLIMMIX procedure of SAS (SAS Institute, Cary, NC).  Ordinal multinomial logistic 

regression (considers categorical variables) was used instead of linear regression (utilizes 

continuous variables) due to the fact that there was extreme variation in AF levels from 0 to  
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6,580 µg/kg, and at the same time the AF concentrations violated the assumption of 

normality for linear regression.  Therefore, we represented AF concentrations by range of 

contamination of 1) low AF ≤ 20 µg/kg; 2) moderate levels of 20 < AF ≤ 100 µg/kg; 3) high 

levels at 100 < AF ≤ 600 µg/kg; and 3) extreme levels at AF > 600 µg/kg.  For this statistical 

model, we first manually fitted a parsimonious multivariable model using a backward, 

stepwise procedure with P < 0.10 as the inclusion criteria.  In the final model, all independent 

variables had significance at P < 0.05.  Secondly, a logistic regression model for ordinal 

response was applied to estimate the probabilities of identifying AF contamination level for 

the climatic parameters.        

Results 

Over the 8 year period from 2004 to 2011, AF contamination levels ranged between 0 

and 6,580 µg/kg (Table 1), while the overall mean for AF was 110.1 µg/kg.  Based on the 

analyzed data, 56.3% of corn samples were contaminated ≤ 20 µg/kg AF (Table 2).  Of the 

total samples, 24.3% had 20 < AF ≤ 100 µg/kg, and 14.9% had 100 < AF ≤ 600 µg/kg.  

Furthermore, 4.5% of the samples had > 600 µg/kg AF.     

 Using the ordinal multinomial logistic regression model, it was determined that fall 

environmental conditions (temperature, precipitation, PDSI) were not significantly (P > 0.10) 

associated with AF contamination levels, nor were summer precipitation and PDSI.  

However, spring temperature, precipitation, PDSI, and summer temperature were 

significantly (P < 0.05) associated with AF levels in corn with warmer temperatures and drier 

conditions increasing the probability of higher AF contamination (Table 3).  Using the  
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parameter estimates obtained by this statistical analysis, prediction equations could be 

determined to estimate the probability of AF levels in each of the contamination ranges based 

on climatic conditions.  Each contamination range of AF ≤ 20 µg/kg, 20 < AF ≤ 100 µg/kg, 

and 100 < AF ≤ 600 µg/kg have separate intercepts representing the varying probabilities of 

AF falling into each contamination level.  The cumulative sum of probabilities of each of 

these categories of AF, subtracted from a probability of 1, represents AF > 600 µg/kg.  Using 

these equations, the probabilities of AF falling into one of the contamination categories can 

be determined under different environmental conditions.     

Plots for the effect of each individual environmental effect on the probability of AF 

level within the designated ranges are provided in Figures 1 to 4.  For spring temperatures, 

the probability of the AF contamination varied due to temperature (Figure 1).  When spring 

temperatures were cooler, the probability of AF ≤ 20 µg/kg was greater but decreased as 

temperatures were warmer.  In contrast, the probability of higher levels of AF contamination 

increased as temperatures increased. Spring precipitation was also associated with AF 

contamination level, where more precipitation resulted in lower AF levels in corn and vise 

versa (Figure 2).  With lower precipitation, the probabilities of moderate to high AF 

contaminations increased.  Drought severity also increased the probability if greater AF 

contamination levels in corn (Figure 3).  When the PDSI values indicated there was less 

occurrence of drought (positive values) there was a higher occurrence of low AF 

concentrations.  However, when the PDSI was negative indicating an increased drought 

severity, the probability of corn being contaminated with higher levels of AF increased.  The 
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 only summer variable that was a significant predictor of AF contamination was temperature.  

This effect was similar to that of the spring, where warmer temperatures were associated with 

an increased probability of greater AF contamination (Figure 4).              

Discussion 

Aflatoxin is one of the major mycotoxins causing problems for crop and animal 

producers around the world.  The Southeastern U.S. in particular has a high prevalence of AF 

(Abbas and Shier, 2009).  In 1980, economic losses in this region were estimated at $97 

million for corn producers and $100 million for swine producers (Hussein and Brasel, 2001).  

In 2010, 76.44 million bushels of corn were harvested while pig production reached a total of 

9 million hogs causing North Carolina to be the second largest pig producing state (USDA, 

2012).  Unfortunately, AF is considered to be a major contaminant of corn and has some of 

the strongest toxicological symptoms in pigs.  Due to North Carolina’s high agricultural 

output, the economic and animal health burdens caused by AF can be extensive.  Thus, it is 

important to understand how this mycotoxin develops as one step to control this impact on 

agriculture. 

Aflatoxin has a high incidence of formation on crops prior to harvest (Chaytor et al., 

2011a).  It is documented that A. flavus can infect a wide range of warm season grains, 

including corn, but generally contaminates crops grown between latitudes 40ºN and 40ºS 

(Scully et al., 2009).  Within this area however, some regions are more inclined to AF 

susceptibility.  The Southeastern U.S. is one of these areas.  In this case, growth of 

Aspergillus and production of AF is thought to be stimulated by certain climatic factors such 
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 as high temperatures along with drought (Widstrom et al., 2003).  These environmental 

conditions can cause stress to the plant, altering growth and reducing its protection from 

fungal infection.  Insects also play a role in promoting plant stress and fungal growth.  Many 

insect species are observed to attack grains, in turn transporting and dispersing fungal spores 

onto the plant (Widstrom et al., 1992).   

Aflatoxin levels in grains in the Southeastern U.S. appear to vary greatly by year 

(Scully et al., 2009).  In 1998, measured AF levels were shown to range from 102 to 8,100, 

but only ranged from 0 to 30 µg/kg in 1999 in the states of Mississippi and Arkanasas (Abbas 

and Shier, 2009).  Data collected on cottonseeds in South Texas also indicates AF variation 

by year, where contamination ranged from 24.0 to 112.3 µg/kg AF from 1997 to 2001 

(Jaime-Garcia and Cotty, 2003).  Over the 8 years analyzed in our current study, the AF 

content of corn in North Carolina was between 0 and 6,850 µg/kg.  By looking over a longer 

time period of 28 years in Georgia, AF levels were observed to vary greatly as well, from 

below 10 µg/kg to above 300 µg/kg (Scully et al., 2009).  During this time period, the 

average AF contamination was 97 µg/kg.  In our study, the 8 year average was similar but 

slightly higher at 110 µg/kg.  Over these long periods of time, each of these averages were 

well above the lowest action level of 20 µg/kg for human food, and feed for dairy cattle and 

immature animals (Chaytor et al., 2011a).  Subsequently, these concentrations approached or 

surpassed the 100 µg/kg action level set for breeding pigs and mature poultry.  It was also 

observed in the current study that 19.4% of samples had greater than 100 µg/kg.  As a result, 

more tolerant animals such as finishing pigs or beef cattle could easily be exposed to grains  
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contaminated with AF above their 200 to 300 µg/kg action level.      

Due to the high incidence of AF contamination at levels greater than 20 µg/kg, the 

question exists on what stimulates AF occurrence.  Environmental conditions are considered 

to be the major contributing factors in the development of AF.  Previous research suggests 

that high temperatures may be the most important factor influencing pre-harvest 

contamination of crops (Jones et al., 1980).  Others have suggested that both high 

temperatures and drought are the environmental conditions that stimulate AF to contaminate 

crops (Widstrom et al., 2003).  In our analysis, some climatic conditions were associated with 

the level of AF contamination in corn.  Although the 3 parameters of temperature, 

precipitation, and PDSI were not influential during the fall, they did play a role in AF 

contamination levels in the spring.  Using the prediction models derived in this study, the 

probabilities of each level of AF contamination can be determined based on environmental 

conditions in the spring and summer.  For example, using this model it can be predicted that 

when the weather is cooler and wetter (spring temperature = 58°, precipitation = 4.0 in, PDIS 

= 0.5, and summer temperature = 76°), the probability is 66.3% for AF ≤ 20 µg/kg, 20.8% 

for 20 < AF ≤ 100 µg/kg, 10.2% for 100 < AF ≤ 600 µg/kg, and 2.6% for AF > 600 µg/kg.  

In contrast, during warmer and drier conditions (spring temperature = 62°, precipitation = 2.5 

in, PDIS = -2.0, and summer temperature = 80°), the probability is 34.9% for AF ≤ 20 µg/kg, 

30.0% for 20 < AF ≤ 100 µg/kg, 26.2% for 100 < AF ≤ 600 µg/kg, and 8.9% for AF > 600 

µg/kg.  Based on these predictions, it is observed that spring and summer environmental  
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conditions may have a strong impact on increasing the levels of AF in corn in North 

Carolina.  

The ecology of corn plant development and A. flavus growth may be the reason for 

the observed effects of the environment on AF contamination.  After the corn plant emerges 

from the soil it begins its vegetative stage.  This growth period lasts for about 55 to 68 days, 

at which time the plant enters the reproductive phase and begins silk development 

(McWilliams et al., 1999).  Based on the planting timeline, this would normally occur in late 

spring to early summer.  At this point in development, the corn plant is extremely susceptible 

to stress such as drought, temperatures, nutrient deficiencies, or insects.  After about 12 days, 

the plant then enters the blister stage where silks darken and dries (McWilliams et al., 1999).  

Interestingly, it is these silk development stages that the majority of A. flavus contamination 

occurs.  Marsh and Payne (1984) found that fungal colonization began in the silks, with 

subsequent growth down the silk and colonization of the kernels occurring rapidly in less 

than 13 days under field conditions.  In this study, these researchers also observed that 

colonization was greatest when the silks had senesced to a yellow-brown stage, rather than 

when at green-yellow (younger) or completely brown (older).  The rate at which the silk 

senesces to the yellow-brown color is highly dependent on environmental conditions, 

particularly temperature (Jones et al., 1980; Marsh and Payne, 1984).  The results of our 

analysis agree with this finding, where environmental conditions were most influential on AF 

contamination levels during these stages of plant and kernel development rather than at the  
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time of harvest and that temperature was an influential factor for AF levels in both the spring 

and summer periods.   

Based on the results of this experiment, avoiding temperature and drought stress 

when the plant is in its reproductive phase may be a method of reducing AF contamination in 

crops.  Previous research indicated varying effects of planting date on AF contamination in 

crops.  In some cases, early planting can reduce the incidence of AF whereas in other 

situations this agronomic practice did not reduce AF levels (Smith and Riley, 1992; Bruns, 

2003).  In these cases, AF contamination may also be affected by other factors such as insect 

prevalence.  Due to the fact that environmental conditions cannot be controlled from year to 

year, early planting may be one method that can help to reduce fungal contamination and 

production of AF.  Overall, our analysis of AF contamination of corn samples collected in 

North Carolina over an 8 year period indicate that this mycotoxin is prevalent at high levels 

in this state and confirms the suggested effect of climatic conditions by Widstrom et al. 

(2003) on the development of AF.  In this respect, it was determined in our research that AF 

development favors warmer temperatures, low precipitation and an increased severity of 

drought during the spring and summer months.  Once the corn plant is mature, environmental 

conditions during the fall harvest period do not appear to influence levels of AF, which may 

be due to the fact that fungal contamination has already previously occurred.  Collectively, 

the results of the current study indicate that although over half of the tested corn samples 

were contaminated with ≤ 20 µg/kg AF, a total of 43.7 % of the samples had  well over this 

level.  As a result, crop and animal producers may frequently come in contact with moderate,  
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high, or extreme levels of AF that can be problematic to animal health.  These levels, along 

with the observed 8 year average, are over FDA action levels for interstate commerce and 

animal consumption and in turn play an important role on North Carolina agriculture.        
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Table 1. Aflatoxin (AF) contamination levels and climatic conditions categorized according to aflatoxin range.  
 Aflatoxin Contamination Level, µg/kg  
 AF ≤ 20 20< AF ≤ 100 100< AF ≤ 600 AF > 600 Overall Mean 
Aflatoxin, µg/kg      
  Mean 2.8 47.3 223.4 1,423.0 110.1 
  SD 5.2 21.6 108.3 1,331.1 408.2 
  Range 0 – 20 21 – 97 101 – 489 601 – 6,580 0 – 6,580 
Spring Temperature, ºF      
  Mean 60.72 61.00 60.78 60.13 60.77 
  SD 1.22 0.96 1.12 0.97 1.15 
Spring Precipitation, inches      
  Mean 3.43 3.26 3.42 3.09 3.37 
  SD 0.55 0.48 0.57 0.73 0.55 
Spring PDSI      
  Mean -0.69 -0.91 -1.05 -1.73 -0.85 
  SD 0.92 0.87 1.05 1.11 0.97 
Summer Temperature, ºF      
  Mean 78.45 78.84 79.00 77.88 78.60 
  SD 2.09 2.04 1.90 1.88 2.06 
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Table 2. Distribution of aflatoxin (AF) contamination levels in North Carolina corn samples 
between the years of 2004 and 2011. 

Aflatoxin Contamination, µg/kg Frequency Percent 
AF ≤ 20 264 56.3 
20 < AF ≤ 100 114 24.3 
100 < AF ≤ 600 70 14.9 
AF > 600 21 4.5 
Total 469 100 

 
 
 
 
Table 3. Parameter estimates of the ordinal model for climatic conditions influencing 
aflatoxin contamination levels in North Carolina corn between the years of 2004 and 2011. 

Variable Parameter 
Estimate 

Standard 
Error 

P-value 

Intercept 1 (AF ≤ 20) -9.3819 6.3261 0.182 
Intercept 2 (20 < AF ≤ 100) -8.1439 6.3241 0.239 
Intercept 3 (100 < AF ≤ 600) -6.4351 6.3166 0.342 
Spring Temperature 0.4276 0.1654 0.010 
Spring Precipitation 0.6629 0.2048 0.001 
Spring PDSI 0.4372 0.0986 < 0.001 
Summer Temperature -0.2317 0.0814 0.005 
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Figure 1. Cumulative probability of aflatoxin (AF) contamination of corn at different levels 
due to spring temperatures in North Carolina. The difference between 1 and the sum of the 
other three ordinal variables is the probability that AF > 600 µg/kg.   
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Figure 2. Cumulative probability of aflatoxin (AF) contamination of corn at different levels 
due to spring precipitation in North Carolina. The difference between 1 and the sum of the 
other three ordinal variables is the probability that AF > 600 µg/kg.     
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Figure 3. Cumulative probability of aflatoxin (AF) contamination of corn at different levels 
due to spring Palmers Drought Severity Index (PDSI) in North Carolina. The difference 
between 1 and the sum of the other three ordinal variables is the probability that AF > 600 
µg/kg.  
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Figure 4. Cumulative probability of aflatoxin (AF) contamination of corn at different levels 
due to summer temperatures in North Carolina. The difference between 1 and the sum of the 
other three ordinal variables is the probability that AF > 600 µg/kg. 
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CHAPTER 3 

 
 

PHYSIOLOGICAL EFFECTS OF DEOXYNIVALENOL ON PIGS FOLLOWING              

A PAIR-FEEDING MODEL 
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Abstract 

This study was completed to determine the impact of deoxynivalenol (DON) on pig 

growth, immune status, and organ health when controlling for feed intake reduction using a 

pair-feeding model.  Sixteen pigs (25.6 ± 0.44 kg) were fed either CON (control without 

detectable DON) or MT (3.0 mg/kg DON).  Each treatment had 8 pigs which formed a total 

of 8 pairs.  Pigs fed CON received a daily ration based on the amount of feed that was 

consumed ad libitum their MT fed pair-mate.  Performance parameters were determined over 

21 d, and blood samples were collected for immunological and oxidative stress parameters.  

At the end of the trial, pigs were euthanized to collect tissues for immune system 

measurements and morphology.  Feed intake was not different between treatments 

throughout the trial, confirming the pair-feeding design.  The ADG of pigs fed MT tended to 

be greater (P = 0.055) and G:F was greater (P < 0.05) during d 0 to 7.  Immunological and 

oxidative stress parameters were unaffected DON.  Gastrointestinal tissue morphology was 

altered as a result of mycotoxin consumption, where villus height was reduced (P < 0.05) in 

the jejunum and ileum.  Crypt depth tended to be increased (P = 0.057) in the jejunum.  

Villus to crypt ratio of both the jejunum and duodenum tissues was reduced (P < 0.01) in 

pigs fed MT.  This study concludes that when considering the reduction of feed intake by 

DON, this mycotoxin minimally impacted the immune system but did result in extensive 

damage the structure of the gastrointestinal tract.             

Key words: deoxynivalenol, gut morphology, immunity, pigs 
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Introduction 

 Deoxynivalenol (DON) is one of the prevalent mycotoxins produced by the fungus 

Fusarium graminearum (Chaytor et al., 2011a).  Mycotoxins, or toxic secondary metabolites 

produced by fungi, commonly contaminate agricultural crops around the world and pose a 

significant problem for producers of animals.  For DON, pigs are one of the most sensitive 

species due to a high absorption rate and limited conversion to the de-epoxy metabolite 

(Prelusky et al., 1988; Pestka, 2007; Richard, 2007).  In pigs, DON is shown to reduce 

performance, alter immune system functions, cause oxidative stress, and increase organ 

damage (Borutova et al., 2008; Chaytor et al., 2011a).    

 The principle effect of DON ingestion appears to be reduced feed consumption 

(Chaytor et al., 2011ab).  Indirectly, reducing feed intake may result in limited nutrient 

availability causing growth reduction and immune challenge (Goyarts et al., 2005).  

Although feed intake reduction is the primary clinical effect, these mycotoxins may also act 

directly on tissues to alter protein synthesis, nutrient metabolism, or cause cellular death.  

Due to the different mechanisms by which mycotoxins affect the body, it is important to 

determine how reduced feed intake plays a role in the observed actions of these mycotoxins 

on pig growth and health.  Do pigs consuming DON undergo biological changes prior to 

reducing feed intake, or do changes coincide with feed intake reduction?  Thus, to exclude 

the effects of feed intake and determine the action of DON on pig growth and health, the 

current study pair-fed pigs to understand how restrictive feeding influences the effects of 

DON.  The objective of this study was to determine the significance of feed intake reduction  
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caused by DON on growth, immune status, oxidative stress, organ health of pigs.       

Materials and Methods 

Animals and Experimental Diets 

 Sixteen pigs (25.6 ± 0.44 kg) were used in this study following a pair-feeding 

procedure.  Pigs were housed individually in solid concrete floor indoor pens (1.42 x 3.86 m) 

at the North Carolina State University Swine Evaluation Station (Clayton, NC).  Pigs were 

fed experimental diets (Table 1) based on their assigned treatment groups representing CON 

(control diet without detectable DON) and MT (3.0 mg/kg DON).  Corn naturally containing 

18.5 mg/kg DON and 1.8 mg/kg 15-acetyl-DON was used to manufacture the mycotoxin 

contaminated diet by blending with uncontaminated corn to reach a targeted level of 3.0 

mg/kg DON (Table 1).  Mycotoxin analysis was completed by collecting 10 samples from 

different locations to obtain a representative sample (Whitaker et al., 2005).  The 10 samples 

were combined and thoroughly blended together before 2 subsamples were collected for 

analysis of mycotoxin content.  Mycotoxin contaminants were measures by the North Dakota 

State Veterinary Diagnostic Laboratory (Fargo, ND) using HPLC.   

Each treatment had 8 pigs which formed a total of 8 pairs.  Each pair represented 1 

pig from CON and the other from MT, and pigs were paired by similar initial BW and 

gender.  Pigs receiving the MT diet were provided feed ad libitum, and the amount of daily 

feed consumed by these pigs dictated the daily feed allotment for their respective control.  

The meals for the pair-fed CON animals were provided once daily in the morning, receiving 

the amount consumed by each MT pair-mate on the previous day.  Thus, the pigs fed CON  
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began the trial 1 day after the MT pigs and were continued in this way throughout the study, 

so that both treatments were fed for 21 d.  This restrictive feeding regimen assured the same 

amount of feed intake for animals in both treatment groups.        

Average daily gain, ADFI, and G:F ratio were determined during the experimental 

period.  All pigs had free access to water throughout the trial.  Concentrations of essential 

nutrients met requirements suggested by the National Research Council (1998).  A protocol 

for the use of animals in this study was approved by North Carolina State University Animal 

Care and Use Committee.   

Immunological and Oxidative Stress Parameters 

 Blood samples were collected from each pig on day 7 and 21 for immunological and 

oxidative stress parameters.  Blood was collected in Monovette tubes (Sarstedt, Newton, NC) 

containing EDTA to obtain plasma.  Samples were centrifuged at 3,000 g (4°C) for 15 

minutes, and samples were stored at -80°C until analyzed.   

The immunoglobulins (Ig) IgA, IgG, and IgM were measured via enzyme linked 

immunosorbent assay (ELISA), as described by the manufacturer (Bethyl, Montgomery, 

TX).  Plasma samples were diluted to 1:4,000, 1:150,000, and 1:10,000 for IgA, IgG, and 

IgM, respectively.  Absorbance was read at 450 nm using a Synergy HT ELISA plate reader 

(BioTek Instruments, INC, Winooski, VT) and Gen5 data analysis software (BioTek 

Instruments, INC, Winooski, VT).  Samples were quantified relative to the respective 

standard curve constructed. The ELISA detection limit for IgA was 15.6 to 1,000 ng/mL, 7.8 

to 500 ng/mL for IgG, and 15.6 to 1,000 ng/mL for IgM.  The cytokine tumor necrosis factor  
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alpha (TNFα) was also measured by ELISA following the manufactures procedure (R&D 

Systems, Minneapolis, MN).  Absorbance was read at 450 nm and 540 using the same 

equipment as previously described.  The detection limit range for TNFα was 2.8 to 5.0 

pg/mL. 

 The parameter malondialdehyde (MDA) was measured as indicator of oxidative stress 

in the form of lipid peroxidation.  Quantification of MDA was completed using TBARS 

assay following the manufactures protocol (Cell Biolabs, INC, San Diego, CA).  Absorbance 

was read at 532 nm using the Synergy HT ELISA plate reader, and the MDA content was 

determined in samples by comparison with the MDA standard curve. 

Tissue Collection and Analysis 

Pigs were euthanized via electrocution on day 21.  Samples of the stomach, 

duodenum, jejunum, ileum, liver, gastric lymph node, and lung were collected.  Tissues were 

fixed in either 10 % buffered formalin or liquid nitrogen.  Tissues in formalin, including the 

duodenum, jejunum, and ileum, were sent to the North Carolina State University 

Histopathology Laboratory (College of Veterinary Medicine, Raleigh, NC) for hematoxylin 

and eosin (H & E) staining and slide preparation.  These tissues were analyzed for villus 

height and crypt depth using an Olympus Vanox microscope (Olympus Corporation, Center 

Valley, PA) and Spot Advanced software program (SPOT Imaging Solutions, Sterling 

Heights, MI).   

Tissue samples in liquid nitrogen were stored at -80°C until further analysis of 

immunological parameters.  Upon analysis, tissues were homogenized in PBS and analyzed  
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for concentrations of IgA, IgG, IgM, and TNFα following protocols as previously described.  

Tissue samples were diluted 1:1,000 for IgA and IgM, and 1:10,000 for IgG.  Tissues were 

not diluted for analysis of TNFα. Tissue protein concentration of each sample was also 

analyzed by bicinchoninic acid (BCA) protein assay (Pierce Biotechnology, Rockford, IL).  

Liver tissue was diluted 1:75, lung tissue 1:50, stomach samples 1:40, whereas all other 

tissues were diluted 1:20.  The measured protein concentration was used to determine the 

amount of immunological subset per gram of protein of each tissue type.       

Statistical Analysis 

Data was analyzed using the t-test procedure of SAS (SAS Inst. Inc., Cary, NC) 

following a completely randomized block design with a set of 2 pigs representing a block.  A 

pen was considered as the experimental unit.  Probability values less than 0.05 were 

considered statistically significant and between 0.05 and 0.10 as trends. 

Results 

Growth Performance 

 The initial BW of pigs did not differ between treatments, and in agreement with the 

pair-feeding procedure, ADFI of pigs was not different between treatments (Table 2).  Pigs 

fed the MT diet tended to have increased (P = 0.055) ADG and had increased (P < 0.05) G:F 

ratio during day 0 to 7 when compared with their restrictively fed pair-mate consuming the 

control diet.  However, there were no treatment differences during the other wk of the trial or 

when considereing the entire study period.   
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Immunological and Oxidative Stress Analysis 

 Plasma immunological parameters for IgA, IgG, IgM and TNFα were not different 

between treatments for day 7 or 21 (Table 3).  The concentration of plasma MDA, as a 

measure of lipid peroxidation, also did not differ between treatments for either time 

measurement.  Analysis of the stomach, duodenum, jejunum, and ileum tissues indicated that 

IgA, IgG, and IgM levels did not differ between treatments, not did the concentrations of 

TNFα     

Gut Morphology 

 Analysis of gut morphology indicated that villus height was reduced (P < 0.05) in the 

jejunum and ileum of pigs consuming DON (Table 4).  Crypt depth in the jejunum tended to 

be increased (P = 0.057) in these pigs.  These changes in villus and crypt morphology lead to 

a reduced ratio (P < 0.01) of villus height to crypt depth in both the jejunum and ileum.  The 

morphology of the duodenum was unaffected by the mycotoxins.        

Discussion 

 Deoxynivalenol is a mycotoxin with a strong influence on pig performance and 

health.  Vomiting is observed when pigs consume high concentrations of DON at 4.4 to 20 

mg/kg DON, however feed intake reduction is a common symptom of DON at all levels of 

ingestion (Young et al., 1983; Williams et al., 1988).  Chaytor et al. (2011b) observed that 

feeding 4.8 mg/kg DON with 0.3 mg/kg ZEA caused a 38 % reduction in feed intake of pigs 

compared to controls not consuming these mycotoxins.  The researchers showed that ADG of 

these pigs was reduced by 33%, which indicated that the reduction in feed intake may be the  
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primary cause of reduced gain.  Swamy et al. (2002) observed a similar effect, where pigs 

consuming 5.6 mg/kg DON reduced feed intake by 35% and gain by 33%.  Other research 

has shown a lesser effect of DON on grower and finisher pigs, but the same trend for effects 

on performance was observed where pigs had a 15% reduction in feed intake and gained 13% 

less than the control (Goyarts et al. 2005).         

 In our present study, no acute effects such as vomiting, external lesions, or deaths 

were observed due to DON consumption.  This study was conducted following a pair-feeding 

method where the amount of feed consumed by pigs fed diet MT determined the daily feed 

allotment for the pigs in CON.  The ADFI of pigs was not different between treatments for 

all time points of the trial.  These results indicate that pair-feeding was achieved and all pigs 

consumed their allotted daily ration.  Despite the similar feed intake, the ADG and G:F ratio 

were affected by mycotoxins during the first 7 d of the trial.  In this case, pigs fed DON had a 

greater ADG and G:F ratio compared to pigs fed the same amount of uncontaminated diet.  

Increased G:F has been observed when pigs consume DON (Rotter et al., 1994; Chaytor et 

al., 2011b).  This increase in this feed efficiency becomes more pronounced as DON 

contamination increases.  In an ad libitum feeding trial, pigs consuming diets contaminated 

with DON at 0.75, 1.50, and 3.00 mg/kg had a reduced feed intake but a steadily increased 

gain to feed ratio (Rotter et al., 1994).  These results may indicate that pigs adjust to the 

reduced feed intake with better feed utilization.  In pair-feeding trials, pigs consuming DON 

contaminated diets may also have better feed efficiency than restrictively fed animals (Rotter 

et al., 1994).  The better G:F ratio observed in our study could account for the increased daily  
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gain of pigs consuming the mycotoxin diet in contrast to the pair-fed control.  At the same 

time, it is speculated that G:F increased due to pig activity.  Differenced in activity were 

observed in 2 ways, first by increased sitting time of pigs fed MT which in turn decreases pig 

activity and may reduce maintenance requirements and thus improve efficiency (data shown 

in Shen et al., 2012).  Secondly, pigs fed CON were observed to consume the entire of their 

daily ration within 30 minutes after feeding in the morning.  Other research has also shown 

this behavior of restrictively fed control pigs and was attributed to an increased G:F ratio 

(Rotter et al., 1994).                   

Immunological and oxidative stress parameters were unaffected by mycotoxin 

consumption using this pair-feeding model.  As a result, these pigs did not appear to have an 

immune or inflammatory response due to the consumption of DON.  Previous research 

indicates that the immune system may or may not be altered by DON.  Swamy et al (2003) 

did not observe changes in serum immunoglobulin concentrations when pigs consumed DON 

and ZEA in either ad libitum or pair-feeding settings.  However, Rasooly and Pestka (1992) 

found that high DON at 25 mg/kg elevated mouse serum IgA while decreasing IgG and IgM.  

Goyarts et al. (2005) also indicated that serum IgA significantly increased when pigs 

consumed DON ad libitum.  However, this effect was not observed when pigs were 

restrictively fed equal amounts of control and contaminated diets.  In our study, DON 

contamination may have been low enough not to impact the immune response.           

 Although immune parameters were not affected by the mycotoxins, gut morphology 

parameters indicate that DON caused damage to the tissues of the gastrointestinal tract.  In  
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this case, the villi experienced the most damage where villus height was reduced in the 

jejunum and ileum.  Crypth depth was also increased in the jejunum.  This opposite 

relationship between the villi and crypts is illustrated by Hampson and Kidder (1986), where 

villus atrophy is subsequently followed by an increase in crypt depth.  Previous research has 

shown that DON consumption can result in changes to gut morphology.  Girish and Smith 

(2008) similarly reported that villi height was reduced when turkeys consumed 3.3 mg/kg 

DON with 18.8 mg/kg fusaric acid.  However, our current research is the first of its kind to 

determine the effects of DON on the gastrointestinal tract morphology of pigs in a pair-

feeding setting.  These results provide evidence suggesting that damage to the intestinal tract 

may be a direct toxic effect of DON rather than a reduction in feed intake.          

The effects of DON and ZEA on gastrointestinal morphology may be attributed to the 

irritant effects of this Fusarium mycotoxin (Awad et al., 2006).  The first tissues exposed to 

DON after entering the body are those of the gastrointestinal tract.  As a result, these tissues 

may undergo extensive damage and mount an inflammatory response.  Upon entering the 

body, DON is shown to rapidly absorb through the intestine (Danicke et al., 2004).  Due to 

the fact that DON is a small hydrophilic molecule, it may enter intestinal cells through 

passive diffusion where it can then induce phosphorylation of kinase second messengers 

(Pestka, 2010).  At this point, DON is shown to decrease the expression of tight junction 

proteins which will weaken the intestinal structure and compromise its barrier function 

(Pinton et al., 2010).  Through the action on kinases, cell death may be another downstream 

effect.  Once through the intestinal epithelial cells, DON can further alter cells to affect DNA 
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 and protein synthesis through direct interactions with ribosomal subunits (Pestka, 2010).  As 

a result of alterations to cell function, protein synthesis may be reduced or cell death 

increased, which in turn may account for some of the observed damage by DON to the 

gastrointestinal tissue.   

The morphological alterations of the gastrointestinal tract after DON exposure may 

also be related to the effect DON has on reducing nutrient absorption.  It is documented that 

intestinal epithelial cells require energy, specifically glucose, to maintain cellular integrity 

(Vente-Spreeumenberg et al., 2003).  Interestingly, DON is shown to reduce glucose, 

galactose, and fructose uptake in human epithelial intestinal cells in vitro (Maresca et al., 

2002).  At low concentrations below 10 µmol/L, DON resulted in a 50% inhibition of the 

active D-glucose/D-galactose sodium-dependent transporter (SGLT1), a 42% inhibition of 

the D-fructose transporter (GLUT5), and a 15% inhibition of the passive transporter of D-

glucose (GLUT).  In vivo, glucose absorption has been shown to be reduced in mice 

consuming 10 µg/kg DON (Hunder et al., 1991).  Together, this reduced glucose uptake by 

the intestinal epithelial cells and reduction in protein synthesis, may account for the observed 

inflammation and damage of DON in our current study.         

The pair-feeding method used in our study was important in reaching the conclusion 

that the effect of DON on feed intake reduction may be primary cause of growth reduction 

and immune challenge during this mycotoxin challenge.  However, it is apparent that the 

consumption of 3.0 mg/kg DON results in physiological changes to the gut morphology, 

primarily at the location of the jejunum.  This action of DON on the intestinal tract will be  
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play an important role when considering methods to reduce DON affects on pigs.        
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Table 1. Composition of experimental diets, as-fed basis. 
 Treatment1 
 CON MT 
Ingredient, %   

Ground yellow corn 75.00 60.00 
Ground yellow corn with deoxynivalenol2 0.00 15.00 
Soybean meal, dehulled 22.00 22.00 
L-Lys HCl 0.10 0.10 
Salt 0.30 0.30 
Vitamin premix4 0.20 0.20 
Trace mineral premix5 0.15 0.15 
Dicalcium phosphate 0.90 0.90 
Ground limestone 0.70 0.70 
Poultry fat 0.65 0.65 

Calculated composition   
DM, % 89.6 89.6 
ME, Mcal/kg 3.40 3.40 
CP, % 16.8 16.8 
Lys, % 0.94 0.94 
Cys + Met, % 0.58 0.58 
Trp, % 0.19 0.19 
Thr, % 0.62 0.62 
Ca, % 0.60 0.60 
Available P, % 0.23 0.23 

   Total P, % 0.52 0.52 
   Deoxynivalenol, mg/kg 0.00 3.00 
   Zearalenone, mg/kg 0.00 0.13 
Analyzed composition   

DM, % 88.7 89.1 
CP, % 13.6 16.4 

1 CON: control without significant DON; MT: 3.0 mg/kg DON.  
2 Corn contained 18.5 mg/kg DON, 1.8 mg/kg 15-acetyl deoxynivalenol, 0.8 mg/kg ZEA, < 2 

mg/kg fumonisin, and < 0.02 mg/kg aflatoxin. Analysis of mycotoxins in corn was completed by 
North Dakota State University Veterinary Diagnostic Laboratory (Fargo, ND) by HPLC 

4 The vitamin premix provided the following per kilogram of complete diet: 6613.8 IU of 
vitamin A as vitamin A acetate; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K 
as menadione sodium bisulfate; 0.03 mg of vitamin B12; 4.63 mg of riboflavin; 18.52 mg of D-
pantothenic acid as calcium panthonate; 24.96 mg of niacin; 0.07 mg of biotin 

5 The trace mineral premix provided the following per kilogram of complete diet: 4.0 mg of 
Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 16.5 mg of 
Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se as sodium 
selenite 
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Table 2. Growth performance of pair-fed pigs consuming deoxynivalenol. 
Treatment1 

CON MT P-value 
Initial body weight, kg 25.59 ± 1.32 25.54 ± 1.50 0.980 
Average daily gain, g/d 
   D 0 to 7 338.5 ± 70.5 522.8 ± 52.3 0.055 
   D 7 to 14 745.0 ± 53.7 750.8 ± 60.8 0.945 
   D 14 to 21 604.6 ± 55.4 595.4 ± 52.2 0.905 
   D 0 to 21 562.5 ± 43.3 623.0 ± 40.1 0.323 
Average daily feed intake, g/d 
   D 0 to 7 1,265.9 ± 90.5 1,295.9 ± 101.5 0.829 
   D 7 to 14 1,614.1 ± 108.7 1,646.5 ± 121.9 0.846 
   D 14 to 21 1,508.0 ± 210.5 1,546.6 ± 254.8 0.746 
   D 0 to 21 1,462.5 ± 239.8 1,496.3 ± 264.8 0.793 
Gain to feed ratio 
   D 0 to 7 0.267 ± 0.141 0.402 ± 0.019 0.033 
   D 7 to 14 0.461 ± 0.038 0.458 ± 0.050 0.863 
   D 14 to 21 0.403 ± 0.093 0.389 ± 0.090 0.757 
   D 0 to 21 0.387 ± 0.065 0.419 ± 0.045 0.265 

1 CON: control without significant DON; MT: 3.0 mg/kg DON. Data are means ± 
SEM. 
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Table 3. Immune parameters of pair-fed pigs consuming deoxynivalenol. 
Treatment1 

CON MT P-value 
Plasma, Day 7 
     IgA, mg/mL  2.34 ± 0.92 2.59 ± 0.98 0.858 
     IgG, mg/mL 118.30 ± 26.62 78.42 ± 9.70 0.194 
     IgM, mg/mL 0.88 ± 0.18 0.87 ± 0.19 0.987 
    TNFα, pg/mL 94.70 ± 5.06 90.88 ± 6.34 0.645 
     MDA, µM 13.11 ± 2.91 13.14 ± 3.56 0.995 
Plasma,  Day 21 
     IgA, mg/mL  2.56 ± 1.02 2.51 ± 0.95 0.975 
     IgG, mg/mL 96.02 ± 13.46 106.50 ± 32.40 0.772 
     IgM, mg/mL 1,25 ± 0.22 1.37 ± 0.30 0.741 
    TNFα, pg/mL 79.72 ± 7.59 93.49 ± 14.09 0.404 
     MDA, µM 12.20 ± 2.46 10.68 ± 2.54 0.674 
Tissues 
IgA, mg/g protein 
   Stomach 27.51 ± 6.18 26.66 ± 8.16 0.935 
   Duodenum 39.64 ± 8.14 43.25 ± 7.29 0.746 
   Jejunum 20.71 ± 4.60 21.84 ± 4.17 0.859 
   Ileum 34.60 ± 10.00 33.37 ± 10.10 0.933 
IgG, mg/g protein 
   Stomach 53.87 ± 10.44 48.42 ± 11.02 0.725 
   Duodenum 59.13 ± 14.99 78.38 ± 24.92 0.519 
   Jejunum 36.62 ± 4.08 37.58 ± 5.12 0.885 
   Ileum 59.19 ± 15.42 69.47 ± 21.68 0.705 
IgM, mg/g protein 
   Stomach 15.56 ± 3.59 14.55 ± 4.79 0.868 
   Duodenum 9.34 ± 2.91 7.92 ± 1.42 0.668 
   Jejunum 9.11 v 1.38 11.05 ± 2.05 0.446 
   Ileum 7.40 ± 0.93 7.33 ± 0.72 0.953  
TNFα, pg/g protein 
   Stomach 709.2 ± 124.0 685.3 ± 325.4 0.904 
   Duodenum 1,226.9 ± 191.5 986.4 ± 197.6 0.397 
   Jejunum 841.0 ± 186.4 1,131.6 ± 193.9 0.306 
   Ileum 2,736.7 ± 670.9 2,945.9 ± 602.2 0.820 
   Liver 862.8 ± 242.6 755.8 ± 269.0 0.772 
   Lung 2,423.6 ± 438.5 1,785.8 ± 296.3 0.248 
   Lymph node 1,907.9 ± 323.3 1,941.5 ± 317.2 0.942 

1 CON: control without significant DON; MT: 3.0 mg/kg DON. Data are means ± SEM. 
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Table 4. Tissue morphology of pair-fed pigs consuming deoxynivalenol. 
Treatment1 

CON MT P-value 
Duodenum 
   Villus height, µm 626.4 ± 42.4 576.0 ± 40.8 0.406 
   Crypt depth, µm 550.4 ± 33.6 555.4 ± 31.3 0.915 
   Villus to crypt ratio 1.15 ± 0.08 1.04 ± 0.03 0.213 
Jejunum 
   Villus height, µm 552.9 ± 23.6 458.6 ± 24.7 0.015 
   Crypt depth, µm 354.9 ± 23.4 422.7 ± 22.7 0.057 
   Villus to crypt ratio 1.58 ± 0.05 1.09 ± 0.06 < 0.001 
Ileum 
   Villus height, µm 525.0 ± 42.7 420.7 ± 19.5 0.043 
   Crypt depth, µm 344.9 ± 24.0 383.3 ± 23.2 0.270 
   Villus to crypt ratio 1.53 ± 0.08 1.11 ± 0.06 0.001 

1 CON: control without significant DON; MT: 3.0 mg/kg DON. Data are means ± 
SEM. 
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CHAPTER 4 
 

CHRONIC EXPOSURE OF PIGS TO DEOXYNIVALENOL AND ZEARALENONE AND 

THE EFFICACY OF TWO YEAST BASED FEED ADDITIVES TO REDUCE 

MYCOTOXIN EFFECTS 
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Abstract 

Two yeast based feed additives were tested for their ability to reduce the effects of 

deoxynivalenol (DON) and zearalenone (ZEA) on pig growth and health.  Gilts (n = 84, 9.1 ± 

0.1 kg) were allotted to 4 treatments for 42 days: CON (control without DON or ZEA); MT 

(4.8 mg/kg DON and 0.3 mg/kg ZEA); MT-A (MT + 2 g/kg of a yeast cell wall product); and 

MT-B (MT + 2 g/kg of a yeast fermentation product).  Average daily gain and ADFI were 

measured, and blood collected to determine immune status and oxidative stress.  On day 42, 

pigs were euthanized to obtain tissue samples.  Pigs fed MT had reduced (P < 0.05) ADG, 

ADFI, and G:F compared with pigs fed CON.  Pigs fed MT-A did not differ from pigs fed 

MT for these performance parameters.  However, pigs fed MT-B had greater ADG (P < 0.05) 

and tended (P = 0.080) to have greater ADFI than MT.  Minimal effects were observed for 

immune parameters.  Oxidative DNA damage was increased (P < 0.05) in MT compared 

with CON, whereas MT-B tended (P = 0.067) to have reduced damage.  Spleen weight as a 

% BW was increased (P < 0.05) in pigs fed MT-A from MT, and uterus weight as a % BW 

tended (P = 0.063) to be increased in MT compared with CON.  Liver hydropic degeneration 

was increased (P < 0.05) in pigs fed MT in contrast to CON and MT-B, and tended (P = 

0.079) to be greater than MT-A.  Collectively, feeding diets with 4.8 mg/kg DON and 0.3 

mg/kg ZEA reduced ADFI resulting in reduced ADG, and had some effects on pig health.  

The yeast fermentation product had an ability to reduce mycotoxin effects on performance, 

whereas both yeast additives played a role in reducing the effects on health parameters. 

Keywords: deoxynivalenol, pigs, yeast feed additive, zearalenone 
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Introduction 

Mycotoxins are toxic secondary metabolites of fungi commonly found on cereal 

grains (CAST, 2003).  The fungus Fusarium graminearum has the ability to produce several 

mycotoxins including deoxynivalenol (DON) and zearalenone (ZEA).  For both DON and 

ZEA, swine are one of the most sensitive species (Williams et al., 1988; CAST, 2003; 

Richard, 2007).  Deoxynivalenol can reduce growth performance and increase immune 

suppression and organ damage, while ZEA has a structure similar to estradiol-17β which 

allows binding to estrogen receptors and can result in embryonic death, smaller litters, and 

smaller offspring (Williams et al., 1988; Chen et al., 2008; Chaytor et al., 2011a).   

 To reduce the toxic effects of consuming DON and ZEA, commercially available 

feed additives may play an important role (Ramos et al., 1996; Schatzmayr et al., 2006).  

Products containing yeast materials may adsorb mycotoxins due to the physical properties of 

yeast (White et al., 2002).  Cell wall components, such as β-glucan, have structures that allow 

for binding of mycotoxins (Huwig et al., 2001; Yiannikouris et al., 2004a; Jouany et al., 

2005).  Yeast materials may also improve the health of pigs through their prebiotic 

properties, which in turn may improve performance and the immune system, and protect gut 

health (van der Peet-Schwering et al., 2007; Shen et al., 2009).    

  The objective of this study was to determine the effects of DON and ZEA on growth 

performance and health of pigs, as well as to test the ability of two yeast additives to reduce 

mycotoxin effects.  It is hypothesized that pigs consuming diets contaminated with moderate 

levels of DON and ZEA will have reduced growth performance and internal system  
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alterations, such as immune challenge, oxidative stress, and damage to organs.  

Simultaneously, yeast additives are hypothesized to reduce mycotoxin effects, in turn 

improving the growth and health of pigs.   

Materials and Methods 

Animals and Diets 

Eighty four gilts (9.1 ± 0.1 kg, crossbred pigs, Smithfield Premium Genetics, Rose 

Hill, NC) averaged 6 weeks of age, were used in this study.  Pigs were housed in solid 

concrete floor indoor pens (1.42 x 3.86 m) at the North Carolina State University Swine 

Evaluation Station (Clayton, NC).  Pigs were grouped by body weight (BW) and randomly 

assigned to 4 treatments within a BW group.  Each treatment had 7 replicates and 3 pigs per 

pen.  

Corn naturally contaminated with DON (25 mg/kg) and ZEA (3.4 mg/kg) was used to 

make experimental diets.  This contaminated corn was blended with corn without mycotoxins 

in order to reach analyzed levels of 4.8 mg/kg DON and 0.3 mg/kg ZEA in the final diets.  

Non-contaminated corn was also used to formulate a control without mycotoxins.  

Mycotoxin analysis in corn and final diets was completed by collecting 10 samples from 

different locations to obtain a representative sample (Vincelli et al., 1995; Munkvold et al., 

2005; Whitaker et al., 2005).  The 10 samples were combined and thoroughly blended 

together before 2 subsamples were collected for analysis of mycotoxin content.  Mycotoxin 

contaminants were measured by the North Dakota State Veterinary Diagnostic Laboratory 

(Fargo, ND) using HPLC.   
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Pigs were fed experimental diets based on their assigned treatment groups 

representing: CON (control without significant DON or detectable ZEA); MT (4.8 mg 

DON/kg and 0.3 mg ZEA/kg); MT-A (MT + 2 g/kg of a yeast cell wall product, Integral, 

Alltech Inc., Nicholasville, KY); and MT-B (MT + 2 g/kg of a yeast fermentation product, 

Original XPC, Diamond V, Cedar Rapids, IA).  The yeast cell wall based product in MT-A is 

composed of hydrolyzed yeast which includes the cell wall fraction of the organism, whereas 

the yeast fermentation product in MT-B is the dried anaerobic fermentation product from 

Saccharomyces cerevisiae.  All experimental diets were fed for 42 days, and average daily 

gain (ADG), average daily feed intake (ADFI), and gain to feed ratio (G:F) were determined.  

During the entire experimental period, all pigs had free access to feed and water.  

Concentrations of essential nutrients met requirements suggested by the National Research 

Council (1998).  A protocol for the use of animals in this study was approved by North 

Carolina State University Animal Care and Use Committee.  

Blood Sampling  

The pig with the median initial BW from each pen was bled on day 42 for 

immunological, hematological, and biochemical analysis.  Blood was collected in Monovette 

tubes (Sarstedt, Newton, NC) without anticoagulant to obtain serum for liver biochemistry, 

immunoglobulin, cytokine, and oxidative stress parameters.  Blood was allowed to clot 

before centrifuging for 15 min at 3,000 g (4°C) to collect serum, and samples were stored at -

80°C until analyzed.  Blood samples were also collected in tubes containing EDTA to obtain 

whole blood for hematological analysis.  
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Immunological and Oxidative Stress Parameters  

The immunoglobulin subset immunoglobulin G (IgG) was measured via enzyme 

linked immunosorbent assay (ELISA), as described by the manufacturer (Bethyl, 

Montgomery, TX).  Goat anti-pig IgG was used as a capture antibody to coat wells.  Serum 

samples were diluted to 1:100,000.  Horseradish peroxidase goat anti-pig IgG was used as a 

detection antibody in combination with the tetramethylbenzidine enzyme substrate.  A stop 

solution of 0.18 M sulfuric acid (H2SO4) was used to stop the enzyme-substrate reaction.  

Absorbance was read at 450 nm using a Synergy HT ELISA plate reader (BioTek 

Instruments, INC, Winooski, VT) and Gen5 data analysis software (BioTek Instruments, 

INC, Winooski, VT).  Samples were quantified relative to the standard curve constructed 

with known amounts of pig IgG. The ELISA IgG detection limit was 7.8 to 500 ng/mL. 

The cytokine tumor necrosis factor alpha (TNFα) was measured in serum by ELISA 

following the manufactures procedure (R&D Systems, Minneapolis, MN).  A total of 50 μL 

assay dilute RD1-63 was added to microplate wells coated with a monoclonal antibody 

specific to porcine TNFα, followed by 50 μL of standard, control, or sample.  Detection 

occurred by the use of a color reagent substrate and a stop solution of diluted hydrochloric 

acid, and absorbance was read at 450 nm and 540.  The detection limit range for TNFα was 

2.8 to 5.0 pg/mL. 

 The parameters malondialdehyde (MDA) and 8-hydroxy-deoxyguanosine (8-OHdG) 

were measured in serum as indicators of oxidative stress.  Lipid peroxidation was measured 

by MDA using TBARS assay following the manufactures protocol (Cell Biolabs, INC, San  
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Diego, CA).  Samples and standards were added to microcentrifuge tubes, followed by SDS 

lysis solution and thiobarbituric acid (TBA).  All tubes were incubated at 95°C for 50 

minutes, and then placed on ice for 5 minutes to cool before being centrifuged at 3,000 rpm 

for 15 minutes.  The supernatant was removed to a 96 well microplate and absorbance was 

read at 532 nm using the Synergy HT ELISA plate reader.  The MDA content was 

determined in samples by comparison with the MDA standard curve.  

 Production of 8-OHdG was determined by ELISA (Cell Biolabs, INC., San Diego, 

CA) following protocol to determine oxidative DNA damage.  Undiluted samples were 

added to an 8-OHdG conjugate coated microplate, followed by diluted anti-8-OHdG 

antibody, and finally diluted secondary antibody enzyme conjugate.  After incubation, the 

provided stop solution was added to each well, and allowed to incubate for 8 to 10 minutes 

before being stopped with a stop solution in order to achieve a color change which was not 

over saturated.  Samples were then measured at 450 nm and concentration determined based 

on the standard curve. 

Hematological and Biochemical Assays  

Whole blood with EDTA was sent to Antech Diagnostics (Cary, NC) for complete 

blood counting (CBC).  Measurements included hematocrit, hemoglobin, mean corpuscular 

hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), mean 

corpuscular volume (MCV), platelet number, red blood cell (RBC) count, white blood cell 

(WBC) count, basophils, eosinophils, lymphocytes, monocytes, and neutrophils.  
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Concentrations of serum alanine aminotransferase (ALT), albumin, alkaline 

phosphatase, aspartate aminotransferase (AST), bilirubin, BUN to creatinine ratio 

(BUN:creatinine), calcium, chloride, cholesterol, creatinine, creatine phosphokinase (CPK), 

globulin, glucose, phosphorus, potassium, sodium, and urea nitrogen were measured (Antech 

Diagnostics, Cary, NC) for determination of liver biochemistry.  

Organ Collection and Analysis 

Measurements of vulva height and width were taken from 1 pig per pen (median 

initial BW pig) on day 42, before being euthanized via captive bolt for tissue collection.  

Samples of the liver, left kidney, spleen, jejunum, and uterus were collected and weighed 

before being fixed in either 10% buffered formalin or liquid nitrogen.  Tissues in formalin 

were sent to the North Carolina State University Histopathology Laboratory (College of 

Veterinary Medicine, Raleigh, NC) for hematoxylin and eosin (H & E) staining and slide 

preparation.  Samples in liquid nitrogen were stored in at -80°C until further analysis. 

Microscopic examination of tissue damage for the liver and kidney were measured by 

a histopathologist blinded to treatment (College of Veterinary Medicine, Raleigh, NC).  

Damages were based on the degree of change observed with values of 1: normal to minimal 

damage (0 to 5%); 2: mild (5 to 15%); 3: moderate (15 to 40%); 4: severe (higher than 40%).  

Liver damage measurement included bile ductule hyperplasia, fibrosis, hydropic 

degeneration, inflammation, karyomegaly, necrosis, and vacuolation.  Kidney damage 

measurement included fibrosis, inflammation, necrosis, protein casts, regeneration, and 

vacuolation.  Jejunum villi length and crypt depths were measured using an Olympus Vanox  
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microscope (Olympus Corporation, Center Valley, PA) and Spot Advanced software 

program (SPOT Imaging Solutions, Sterling Heights, MI).  Jejunum tissue was also 

measured for MDA concentration.  This analysis was completed by homogenizing tissue in 

PBS and resulting supernatant was analyzed for MDA by TBARS assay (Cell Biolabs, INC., 

San Diego, CA) as previously described.  Tissue samples were also analyzed for protein 

content (BCA Protein Assay Kit, Pierce Biotechnology, Rockford, IL) after a 1:10 dilution 

for determination of MDA per mg protein.  Measurements of uterus longitudinal muscle, 

circular muscle, submucosa, and mucosa thicknesses were collected using the Olympus 

Vanox microscope and Spot Advanced software.   

Statistical Analysis  

Data was analyzed using the GLM procedures of SAS (SAS Inst. Inc., Cary, NC) 

following a completely randomized block design with pigs blocked by initial BW.  A pen 

was considered as the experimental unit.  Separation of means was completed using the 

PDIFF option of SAS.  Probability values less than 0.05 were considered statistically 

significant and between 0.05 and 0.10 as trends. 

Results 

Growth Performance 

 The initial BW of pigs did not differ among treatments, nor did BW on d 7 (Table 2).  

On d 14, 21, and 28, pigs fed MT had reduced (P < 0.05) BW in contrast to CON, and the 

other treatments did not differ from MT.  On d 35, pigs fed MT had reduced (P < 0.001) BW  
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compared with CON, and tended (P = 0.061) to have reduced BW from MT-B but was not 

different from MT-A.  A similar effect was observed on d 42, where pigs fed MT had 

reduced (P < 0.001) BW from CON, and tended (P = 0.084) to have reduced BW from MT-

B.     

 Average daily gain of pigs fed MT was affected by feeding of the mycotoxins (Table 

2).  During d 0 to 7 pigs fed MT tended (P = 0.089) to have reduced ADG from CON only.  

During days 7 to 28, the ADG of pigs fed MT was decreased (P < 0.01) from pigs fed CON, 

but was not different from MT-A and MT-B.  On d 28 to 35, pigs fed MT continued to have 

reduced (P < 0.05) ADG from CON, whereas MT-B tended (P = 0.068) to improve ADG.  

However, from d 35 to 42, there was only a tendency (P = 0.093) for MT to have reduced 

ADG in contrast to CON.  Throughout the entire study, pigs fed MT had decreased (P < 

0.01) ADG compared with pigs fed CON.  The ADG of pigs fed MT-A was not different 

from the ADG of pigs fed MT, whereas pigs fed MT-B had increased (P < 0.05) ADG from 

pigs fed MT.  

 The ADFI of pigs fed MT was decreased (P < 0.01) from pigs fed CON throughout 

the trial (Table 2).  The ADFI of pigs fed MT-A was not different from MT during this study.  

Pigs fed MT-B tended to have increased (P = 0.061) ADFI during d 0 to 7, and had increased 

ADFI during d 7 to 14, compared with pigs fed MT.   The ADFI of MT-B was not different 

from MT during d 14 to 28, but again was increased (P < 0.05) for d 28 to 35.  However, 

during d 35 to 42, pigs fed MT-B did not differ in ADFI from pigs fed MT.  Over the entire  
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trial period, pigs fed MT-B tended (P = 0.080) to have increased ADFI in contrast to pigs fed 

MT.   

There were minimal treatment differences for G:F (Table 2).  Pigs fed MT were 

different from CON only during d 21 to 28 and over the entire trial.  Pigs fed MT-A were not 

different from MT throughout the trial.  The only observed difference between MT-B and 

MT was during d 0 to 7, where MT-B tended (P = 0.086) to have increased G:F.   

Immunological, Oxidative, Hematological, and Biochemical Analysis 

Concentrations of the immune parameter IgG were not different amongst pigs (Table 

3).  The concentration of TNFα tended (P = 0.060) to be reduced in pigs fed MT-B compared 

with MT.  Analysis of MDA showed that treatments did not differ for both serum and 

jejunum tissue lipid peroxidation (Table 3).  The level of 8-OHdG was increased (P < 0.05) 

in pigs fed MT in contrast to pigs fed CON, whereas pigs fed MT-B tended (P = 0.067) to 

have a reduction in 8-OHdG compared with MT (Table 3).  The CBC analysis on d 42 

showed few differences among treatments (Table 4).  Pigs fed MT tended to have increased 

MCH (P = 0.087) and MCV (P = 0.050), and had decreased platelet levels (P < 0.05) in 

contrast to pigs fed CON.  These pigs also had a reduced RBC count (P < 0.05) from pigs fed 

CON, and at the same time pigs fed MT-A had increased (P =< 0.05) RBC count and MT-B 

tended (P = 0.064) to have an increased RBC count.  

 Serum liver function analysis showed few effects of mycotoxins or additives (Table 

5).  Pigs fed MT-A had increased (P < 0.05) ALT compared with MT, whereas pigs fed MT-

B tended (P = 0.057) to have increased AST than MT.  Serum calcium, cholesterol, and  
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protein levels were decreased (P < 0.05) in pigs fed MT in contrast to pigs fed CON.   

Internal Organ Health 

 Liver weight tended (P = 0.094) to be reduced in pigs fed MT compared with CON 

(Table 6).  Spleen weight as a percent of BW was increased (P < 0.05) in pigs fed MT-A in 

contrast to MT, whereas uterus weight as a percent of BW tended (P = 0.063) to be increased 

in pigs fed MT compared with CON.  Uterine tissue morphology did not differ among 

treatments except for the circular muscle thickness, which was thicker (P < 0.05) in pigs fed 

MT-A compared with MT.  Liver damage was minimal for all pigs (Table 7).  However, pigs 

fed MT had increased (P < 0.05) hepatic hydropic degeneration compared with pigs fed 

CON, whereas MT-A tended (P = 0.079) to reduced this damage and MT-B reduced (P < 

0.05) the damage compared to MT.  All other forms of liver and kidney damages were not 

observed.   

Discussion 

 The current study shows that the feeding of the yeast cell wall and yeast fermentation 

products provided varied degrees of benefits for pigs when challenged with DON and ZEA.  

The additive in MT-YCW (Integral, Alltech Inc.) contains hydrolyzed yeast, which includes 

the cell wall fraction of the yeast.  The cell wall is primarily composed of polysaccharides 

such as β–glucan, which is the inner layer that makes up 50 to 60% of the cell wall dry 

weight (Yiannikouris et al., 2004a).  The β-glucan of yeast can from single or triple helix 

polysaccharide chains which can give adsorptive capacities for mycotoxins through hydrogen 

and ionic bonding, and van der Waals interactions (Jouany et al., 2005).  Previous in vitro  
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studies have shown that β–glucan isolated from yeast cell walls has the capacity to adsorb up 

to 50% of ZEA (Yiannikouris et al., 2004b; Yiannikouris et al., 2006).  Yeast β–glucan has 

also been shown in vitro to adsorb aflatoxin (AF), DON, ochratoxin A, and patulin.   

 The additive in MT-B (Original XPC, Diamond V) is the dried anaerobic 

fermentation product from Saccharomyces cerevisiae and contains not only the β-glucan cell 

wall fraction but also the outer wall layer of mannoproteins and fermentation metabolites 

(Shen et al., 2009; Kiarie et al., 2011).  This yeast fermentation product has been shown to 

provide several beneficial prebiotic effects, such as improving pig growth performance, 

modulating the immune system, and improving gut morphology (van der Peet-Schwering et 

al., 2007; Shen et al., 2009).  The yeast fermentation product may also play a role in 

adsorbing mycotoxins, due to the fact that it contains β-glucan. Together, these effects of the 

yeast fermentation product may improve the ability of the animal to combat mycotoxins.   

 Deoxynivalenol and ZEA are harmful mycotoxins for swine, reducing growth and 

reproductive performance (Chen et al., 2008; Chaytor et al., 2011a).  Vomiting is 

characteristic of high DON consumption and is shown at concentrations of 4.4 to 20 mg/kg 

(Young et al., 1983; Williams et al., 1988).  In our current study, no vomiting was observed.  

However, the consumption of 4.8 mg/kg DON and 0.3 mg/kg ZEA by pigs altered growth 

performance.  Over the entire trial period, the ADG of pigs fed the mycotoxin contaminated 

diet was decreased by 33 % compared with CON.  Other research shows a similar trend for 

reduced ADG of pigs consuming both low and high concentrations of 0.2 to 11 mg/kg DON 

with 0.3 to 2 mg/kg ZEA (Swamy et al., 2002; Cheng et al., 2006; Tiemann et al., 2006;  
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Chaytor et al., 2011a; Shen et al., 2012).  Dersjant-Li et al. (2003) showed that DON as low 

as 0.6 mg/kg can cause a 5 % reduction in growth of pigs.  Based on this information, 

calculations predict that 4.8 mg/kg DON should cause a 40 % reduction in ADG.  The 

reduction in ADG in our current study came close to this prediction at a 33 % decrease.  The 

effects of DON on feed intake can be variable.  Deoxynivalenol is not shown to decrease 

ADFI at low concentrations of 0.28 mg/kg (Accensi et al., 2006).  However, Williams et al. 

(1988) showed a decrease in ADFI after feeding high concentrations of 4.4 to 11 mg/kg DON 

with 0.5 to 2.0 mg/kg ZEA.  In our current study, the consumption of DON and ZEA reduced 

feed intake by 38 % in contrast to pigs fed CON.   

 The addition of the yeast additives had varied effects on the performance of pigs.  

Pigs fed MT-A, with the yeast cell wall product, were not different from MT for all 

measurements of BW, ADG, ADFI, and G:F.  Pigs receiving the yeast fermentation product 

in MT-B had an inconsistent ability to improve performance on individual wk, however over 

the entire trial MT-B improved ADG by 19 % when added to the mycotoxin contaminated 

diet and tended to improve ADFI by 17 %.  Few studies have determined the ability of yeast 

based additives to reduce these mycotoxin effects in pigs.  However, Osweiler et al. (2010) 

showed that in broilers, adding 0.125% of a yeast fermentation product had the benefit of 

improving growth performance of birds when added to a diet with 2.28 mg/kg aflatoxin.   

The addition of 4.8 mg/kg DON and 0.3 mg/kg ZEA to the diets in the current study 

did not greatly alter any internal systems of the pigs.  No effect was observed for the immune 

parameters IgG and TNFα between MT and CON.  However, pigs fed MT-B did tend to have  
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reduced TNFα compared with MT.  Previous research shows varying affects on IgG, where 

Accensi et al. (2006) found that low levels of DON up to 0.90 mg/kg did not affect IgG 

concentrations, whereas Shen et al. (2012) indicated that 3 mg/kg DON caused a decrease in 

IgG.  The oxidative damage parameters MDA and 8-OHdG were used as indicators of lipid 

peroxidation and DNA damage, respectively.  Lipid peroxidation was not affected by 

mycotoxin consumption, as measured in both the serum and jejunum tissue.  Few studies 

have determined the ability of DON and ZEA to cause oxidative stress, especially in pigs.  

However, Borutova et al. (2008) showed that broilers fed 3.4 to 8.2 mg/kg DON and 3.4 to 

8.3 mg/kg ZEA had increased MDA in liver tissue but did not affect duodenum mucosa 

MDA.  Chaytor et al. (2012) indicated that a combination of 0.182 mg/kg aflatoxin with 

0.768 mg/kg DON caused lipid peroxidation.  Although lipid peroxidation was not observed 

in our current study, it appears that DON and ZEA may have a potential to cause lipid 

peroxidation.  The formation of 8-OHdG, an excreted waste product of DNA damage, was 

increased due to mycotoxin contamination, whereas MT-B tended to reduce this damage.  

Previous studies have shown a similar affect of DON on DNA damage, where 4 to 10 mg/kg 

DON resulted in DNA damage in chickens and young pigs (Frankic et al., 2006; Frankic et 

al., 2008).  Few studies have determined the ability of yeast additives to reduce oxidative 

stress.  Thus, the current study provides important information on the ability of yeast 

additives to reduce the oxidative stress when pigs are challenged by mycotoxins. 

 Another indicator that the immune system was not greatly altered by DON and ZEA 

is shown in CBC measurements where there were no treatment differences for total WBC  
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count or the WBC subsets neutrophils, monocytes, lymphocytes, basophils, and eosinophils.  

However, although no effects were seen in our current study, Pinton et al. (2008) showed that 

monocyte numbers increased in pigs fed 2.2 to 2.5 mg/kg DON.  In our current study, only 

observed significant effects of MT on hematological parameters were decreased platelet and 

RBC count, indicating that the mycotoxins may have a slight affect on some blood 

characteristics.  However, other studies have not shown an effect of DON on these 

hematological parameters (Accensi et al., 2006).     

The mycotoxins DON and ZEA had few effects on serum liver biochemical 

parameters.  Pigs fed MT did have lower serum calcium, cholesterol, and protein 

concentrations compared with pigs fed CON, and the two yeast additive treatments were 

similar to MT.  Bergsjø et al. (1993) observed similar effects on serum biochemistry in pigs, 

where DON reduced serum calcium, phosphorus, albumin, and total protein.  This impact of 

DON on these biochemical parameters may be simply due to the fact that the pigs fed the 

mycotoxins had reduced feed intake which may result in decreased nutrient intake and in turn 

a reduction of protein and mineral excretion from the liver.  Simultaneously, due to the fact 

that DON may inhibit protein sysntesis, this may also be a cause for decreased protein levels 

(Bergsjø et al., 1993).  The enzymes ALT and AST were the only other serum biochemical 

parameters that were altered by treatment.  Here, pigs fed MT-A had increased ALT 

compared with MT, whereas pigs fed MT-B tended to have increased AST compared with 

MT.  Both ALT and AST are enzymes involved in amino acid and protein metabolism 

(Limdi and Hyde, 2003).  If hepatic injury occurs, ALT may be released, while AST can be  
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released due to liver, heart, or muscle damage (Johnston, 1999).  Although levels of ALT and 

AST showed an increase due to the inclusion of the yeast additives, these values were slight 

and do not necessarily indicate liver or muscle damage.  Based on values determined by 

Friendship et al. (1984) and Odink et al. (1990) for healthy pigs, ALT and AST determined 

for all treatments in our current study do not fall outside of the normal range of 8 to 46 U/L 

ALT and 16 to 94 U/L AST.   

The internal organ weights of pigs, including the liver, kidney, spleen, uterus, and 

jejunum were minimally affected by mycotoxin contamination or the addition of the yeast 

additives.  Uterus weight as a percent of BW did tend to be increased due to consumption of 

the mycotoxins.  Other research has shown that uterus weight as a percent of BW can be 

increased in pre-pubertal gilts after consuming 3.9 mg/kg DON and 0.42 mg/kg ZEA, while 

other research has shown uterus weight to increase only after mating (Etienne and Jemmali, 

1982; Doll et al., 2003).  Pevious research has also documented that high concentrations of 1 

to 5 mg/kg ZEA can cause vulva swelling in gilts (Minervini and Dell’Aquila, 2008).  In our 

current study, all gilts were pre-pubertal (less than 6 months of age) which may be why ZEA 

did not have a strong effect on their reproductive tract. 

It is previously documented that 0.9 to 1 mg/kg DON can cause organ damage 

including fibrosis, necrosis, blood vessel thickening, and hemorrhage (Cheng et al., 2006; 

Chen et al., 2008; Chaytor et al., 2011a).  In our current study, the ingested mycotoxins 

caused minimal tissue damage.  Although the damage was low (less than 5 % damage), 

hydropic degeneration was observed in the liver of pigs fed MT tending to have increased  
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damage compared to pigs fed CON, MT-A, and MT-B.  Previous research by Chaytor et al. 

(2010) documented that feed additives containing dried yeast and yeast fermentation 

materials may be beneficial in reducing organ damages in pigs caused by feeding 0.15 mg/kg 

AF with 1.1 mg/kg DON.    

Collectively, the results of this study indicate that the consumption of 4.8 mg/kg 

DON and 0.3 mg/kg ZEA had a strong effect on feed intake resulting in decreased growth 

performance.  However, these mycotoxins caused little damage to the internal systems of the 

pigs.  The addition of the yeast fermentation additive did provide some ability to improve the 

performance of pigs simultaneously consuming 4.8 mg/kg DON and 0.3 mg/kg ZEA.  

Generally, the addition of both the yeast cell wall product and yeast fermentation product 

showed some benefits for improving health parameters influenced by the consumption of 

DON and ZEA.  
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Table 1. Composition of experimental diets (as-fed basis)  
 Treatment1 
 CON MT 
Ingredient, %   

Ground yellow corn2 72.00 52.00 
Ground yellow corn with mycotoxins3 0.00 20.00 
Soybean meal, dehulled 25.30 25.30 
Salt 0.30 0.30 
Vitamin premix4 0.03 0.03 
Trace mineral premix5 0.15 0.15 
Dicalcium phosphate 0.90 0.90 
Ground limestone 0.70 0.70 
Poultry fat 0.62 0.62 

Calculated composition   
DM, % 89.6 89.6 
ME, Mcal/kg 3.37 3.37 
CP, % 18.0 18.0 
TID Lys, % 0.83 0.83 
TID Cys + Met, % 0.54 0.54 
TID Trp, % 0.18 0.18 
TID Thr, % 0.58 0.58 
Ca, % 0.61 0.61 
Available P, % 0.23 0.23 

   Total P, % 0.54 0.54 
   Deoxynivalenol, mg/kg 0.00 5.00 
   Zearalenone, mg/kg 0.00 0.68 
Analyzed composition   

DM, % 87.7 88.1 
CP, % 16.5 16.1 
Deoxynivalenol6, mg/kg 0.36 4.82 
Zearalenone6, mg/kg ND7 0.33 

1 CON: control without significant DON or ZEA; MT: 4.8 mg/kg DON and 0.3 mg/kg 
ZEA. Composition of diets MT-A: MT + 2 g/kg of a yeast cell wall product (Integral, Alltech 
Inc., Nicholasville, KY); and MT-B: MT + 2 g/kg of a yeast fermentation product (Original 
XPC, Diamond V, Cedar Rapids, IA). MT-A and MT-B have identical composition to MT 
except for the addition of the feed additive 

2 Corn contained 0.23 mg/kg DON, other mycotoxins not detectable 
3 Corn contained 25 mg/kg DON, 4 mg/kg 15-acetyl deoxynivalenol, 3.4 mg/kg ZEA, 

< 2 mg/kg fumonisin, and < 0.02 mg/kg aflatoxin. Analysis of mycotoxins in corn was 
completed by North Dakota State University Veterinary Diagnostic Laboratory (Fargo, ND) 
by HPLC 
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Table 1. Continued. 
 

4 The vitamin premix provided the following per kilogram of complete diet: 6613.8 
IU of vitamin A as vitamin A acetate; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg 
of vitamin K as menadione sodium bisulfate; 0.03 mg of vitamin B12; 4.63 mg of riboflavin; 
18.52 mg of D-pantothenic acid as calcium panthonate; 24.96 mg of niacin; 0.07 mg of biotin 

5 The trace mineral premix provided the following per kilogram of complete diet: 4.0 
mg of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc 
sulfate; 16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 
0.30 mg of Se as sodium selenite 

6 Dietary DON and ZEA concentration based on averages obtained from analysis by 
ELISA assay (AgraQuant Deoxynivalenol or AgraQuant Zearalenone, Romer Labs, Union, 
MO).  

7 Zearalenone concentration in CON was not detectable as the value was below the 
limit of detection, 0.20 mg/kg, for this ELISA assay 
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Table 2. Growth performance of pigs consuming 4.8 mg/kg DON and 0.3 mg/kg ZEA with or without feed additives 
 Treatment1  Contrast P value: MT vs. 
 CON MT MT-A MT-B SEM CON MT-A MT-B 

Body weight, kg         
  Day 0 9.0 9.0 9.2 9.2 0.13 0.956 0.709 0.803 
          7 10.0 9.6 9.8 10.1 0.15 0.553 0.718 0.432 
          14 12.6 11.0 11.3 11.6 0.23 0.042 0.660 0.398 
          21 15.3 12.5 13.4 13.8 0.32 0.003 0.280 0.150 
          28 19.4 15.3 16.6 16.9 0.47 < 0.001 0.219 0.137 
          35 22.9 17.7 19.7 20.2 0.62 < 0.001 0.141 0.061 
          42 27.2 21.1 23.2 23.6 0.78 < 0.001 0.155 0.084 
Average daily gain, g/d         
  Day 0 - 7 143 82 89 139 19 0.089 0.840 0.110 
          7 - 14 365 196 208 210 25 < 0.001 0.736 0.683 
          14 - 21 396 223 307 308 41 0.005 0.149 0.141 
          21 - 28 587 398 450 445 29 < 0.001 0.216 0.264 
          28 - 35 499 346 436 476 47 0.034 0.197 0.068 
          35 - 42 606 483 501 488 50 0.093 0.798 0.942 
          0 - 42 433 288 332 344 18 < 0.001 0.111 0.045 
Average daily feed intake, g/d         
  Day 0 - 7 351 254 274 316 20 0.005 0.527 0.061 
          7 - 14 616 365 411 437 20 < 0.001 0.183 0.043 
          14 - 21 826 472 546 538 38 < 0.001 0.226 0.276 
          21 - 28 1,094 640 740 735 44 < 0.001 0.148 0.171 
          28 - 35 1,224 739 851 933 57 < 0.001 0.207 0.034 
          35 - 42 1,350 913 1,020 1,017 70 < 0.001 0.283 0.298 
          0 - 42 910 564 640 662 35 < 0.001 0.169 0.080 
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Table 2. Continued.  
 

 Treatment1  Contrast P value: MT vs. 
 CON MT MT-A MT-B SEM CON MT-A MT-B 

Gain:Feed         
  Day 0 - 7 0.395 0.293 0.298 0.441 0.049 0.229 0.950 0.086 
          7 - 14 0.592 0.540 0.508 0.488 0.055 0.505 0.683 0.510 
          14 - 21 0.475 0.457 0.564 0.578 0.063 0.834 0.237 0.182 
          21 - 28 0.534 0.626 0.608 0.619 0.030 0.041 0.675 0.881 
          28 - 35 0.402 0.470 0.513 0.512 0.034 0.164 0.376 0.387 
          35 - 42 0.449 0.535 0.491 0.495 0.044 0.176 0.486 0.526 
          0 - 42 0.476 0.512 0.517 0.521 0.012 0.043 0.778 0.596 

1 CON: control without significant DON or ZEA; MT: 4.8 mg/kg DON and 0.3 mg/kg ZEA. Composition of diets MT-A: 
MT + 2 g/kg of a yeast cell wall product (Integral, Alltech Inc., Nicholasville, KY); and MT-B: MT + 2 g/kg of a yeast 
fermentation product (Original XPC, Diamond V, Cedar Rapids, IA) 
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Table 3. Immunological and oxidative stress parameters of pigs consuming 4.8 mg/kg DON and 0.3 mg/kg ZEA with or without 
feed additives 

 Treatment1  Contrast P value: MT vs. 
 CON MT MT-A MT-B SEM CON MT-A MT-B 
Immunological parameters2         
   IgG, mg/mL 13.6 15.1 15.1 13.0 1.6 0.502 0.998 0.359 
   TNFα, pg/mL 88.0 108.3 97.2 82.0 9.6 0.171 0.412 0.060 
Oxidative stress parameters2         
   MDA, µM 14.7 10.2 11.7 12.2 2.2 0.148 0.632 0.511 
   8-OHdG, ng/mL 0.71 1.49 1.45 0.77 0.27 0.048 0.917 0.067 
   Jejunum MDA, µM/mg protein 1.44 1.13 1.39 1.44 0.25 0.385 0.467 0.384 

 1 CON: control without significant DON or ZEA; MT: 4.8 mg/kg DON and 0.3 mg/kg ZEA. Composition of diets MT-A: 
MT + 2 g/kg of a yeast cell wall product (Integral, Alltech Inc., Nicholasville, KY); and MT-B: MT + 2 g/kg of a yeast 
fermentation product (Original XPC, Diamond V, Cedar Rapids, IA) 
 2 IgG: immunoglobulin G; TNFa: tumor necrosis factor alpha; MDA: malondialdehyde; 8-OHdG: 8-hydroxy-
deoxyguanosine 
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Table 4. Complete blood count of pigs consuming 4.8 mg/kg DON and 0.3 mg/kg ZEA with or without feed additives 
 Treatment1  Contrast P value: MT vs. 
 CON MT MT-A MT-B SEM CON MT-A MT-B 
Hematocrit, % 35.8 34.7 36.7 35.9 0.9 0.385 0.107 0.337 
Hemoglobin, g/dL 11.0 10.6 11.2 11.0 0.3 0.343 0.103 0.270 
MCH2, pg 16.9 17.6 17.5 17.2 0.3 0.087 0.764 0.338 
MCHC2, g/dL 30.7 30.7 30.7 30.8 0.3 0.941 0.911 0.824 
MCV2, fL 55.0 57.6 57.0 56.1 0.9 0.050 0.651 0.263 
Platelet, 103/µL 520.7 355.7 459.3 344.6 52.7 0.047 0.202 0.889 
RBC2, 106/µL 6.51 6.04 6.43 6.40 0.13 0.019 0.049 0.064 
WBC2, 103/µL 17.6 18.7 17.7 17.3 1.0 0.450 0.462 0.324 
Basophil, 103/µL 0.12 0.13 0.18 0.15 0.03 0.842 0.237 0.635 
Eosinophil, 103/µL 0.43 0.38 0.36 0.46 0.10 0.704 0.882 0.551 
Lymphocyte, 103/µL 10.4 11.0 10.4 11.0 0.7 0.522 0.508 0.939 
Monocyte, 103/µL 0.70 0.93 0.88 0.74 0.09 0.105 0.712 0.170 
Neutrophil, 103/µL 5.99 6.21 5.88 5.00 0.73 0.832 0.749 0.244 

 1 CON: control without significant DON or ZEA; MT: 4.8 mg/kg DON and 0.3 mg/kg ZEA. Composition of diets MT-A: 
MT + 2 g/kg of a yeast cell wall product (Integral, Alltech Inc., Nicholasville, KY); and MT-B: MT + 2 g/kg of a yeast 
fermentation product (Original XPC, Diamond V, Cedar Rapids, IA) 
 2 MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; MCV: mean corpuscular 
volume; RBC: red blood cell count; WBC: white blood cell count 
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Table 5. Liver function of pigs consuming 4.8 mg/kg DON and 0.3 mg/kg ZEA with or without feed additives 
 Treatment1  Contrast P value: MT vs. 
 CON MT MT-A MT-B SEM CON MT-A MT-B 
Albumin, g/dL 2.51 2.21 2.23 2.46 0.14 0.140 0.943 0.229 
Albu:globulin2 1.11 1.06 1.01 1.26 0.13 0.750 0.811 0.270 
Alk phos2, U/L 201 174 210 165 16 0.250 0.133 0.701 
ALT2, U/L 37.6 35.9 46.1 42.1 2.9 0.670 0.016 0.127 
AST2, U/L 32.0 37.0 43.1 51.1 5.1 0.487 0.394 0.057 
Bilirubin, mg/dL 0.10 0.10 0.10 0.10 - - - - 
BUN:creatinine2 24.4 21.9 21.3 21.3 1.3 0.166 0.753 0.753 
Ca, mg/dL 9.89  9.27  9.30  9.36  0.14 0.005 0.888 0.672 
Cl, mEq/L 105 106 106 104 1 0.560 1.000 0.137 
Cholesterol, mg/dL 89.1 69.7 75.6 67.1 6.6 0.044 0.528 0.781 
CPK2, U/L 444 974 691 1,768 561 0.502 0.719 0.317 
Creatinine, mg/dL 0.80 0.80 0.80 0.78 0.04 1.000 1.000 0.492 
Globulin, g/dL 2.37 2.17 2.26 2.17 0.18 0.425 0.731 1.000 
Glucose, mg/dL 88.0 82.6 81.4 85.0 3.9 0.352 0.843 0.675 
Na:K2 22.4 23.0 23.7 24.3 0.7 0.579 0.489 0.218 
P, mg/dL 10.6 10.4 10.5 10.7 0.3 0.513 0.616 0.399 
K, mEq/L 6.59 6.31 6.21 6.04 0.19 0.343 0.725 0.343 
Protein, g/dL 4.89 4.39  4.49 4.63 0.13 0.014 0.600 0.210 
Na, mEq/L 146 145 147 145 1 0.711 0.408 0.926 
Urea N, mg/dL 19.3 17.1 17.0 16.0 1.1 0.184 0.928 0.473 

 1 CON: control without significant DON or ZEA; MT: 4.8 mg/kg DON and 0.3 mg/kg ZEA. Composition of diets MT-A: 
MT + 2 g/kg of a yeast cell wall product (Integral, Alltech Inc., Nicholasville, KY); and MT-B: MT + 2 g/kg of a yeast 
fermentation product (Original XPC, Diamond V, Cedar Rapids, IA) 

2 Albu:globulin: albumin to globulin ratio; Alk phos: alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate 
aminotransferase; BUN:creatinine: BUN to creatinine ratio: CPK: creatine phosphokinase; Na:K: sodium to potassium ratio 
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Table 6. Organ morphology of pigs consuming 4.8 mg/kg DON and 0.3 mg/kg ZEA with or without feed additives 
 Treatment1  Contrast P value: MT vs. 
 CON MT MT-A MT-B SEM CON MT-A MT-B 
Weights, g         
   Liver 716 603 600 676 41 0.094 0.961 0.271 
   Kidney  63.7 51.8 56.0 59.4 5.3 0.133 0.582 0.330 
   Spleen  44.9 36.5 44.5 43.2 3.5 0.112 0.130 0.204 
   Uterus 23.3 27.6 21.7 26.9 3.6 0.418 0.312 0.910 
Wt as % BW          
   Liver 1.26 1.26 1.21 1.29 0.04 0.966 0.365 0.605 
   Kidney 0.11 0.11 0.11 0.11 0.00 0.648 0.608 0.486 
   Spleen 0.08 0.08 0.09 0.08 0.00 0.783 0.042 0.446 
   Uterus 0.04 0.06 0.04 0.05 0.01 0.063 0.175 0.457 
Jejunum, µm         
   Villi height 484 441 466 468 22 0.199 0.450 0.413 
   Crypt depth 318 331 311 318 13 0.513 0.326 0.499 
Uterus, µm         
   Longitudinal muscle 219 221 249 240 29 0.965 0.464 0.641 
   Circular muscle 451 401 555 458 49 0.457 0.037 0.398 
   Submucosa 1,687 1,620 1,660 1,704 112 0.694 0.915 0.625 
   Mucosa 31.5 31.2 32.1 31.3 2.8 0.938 0.826 0.976 
Vulva         
   Width, mm  22.1   24.0   24.3  26.1 1.0 0.182 0.834 0.126 
   Height, mm 27.7 29.6 30.1 31.1 1.2 0.263 0.728 0.342 

 1 CON: control without significant DON or ZEA; MT: 4.8 mg/kg DON and 0.3 mg/kg ZEA. Composition of diets MT-A: 
MT + 2 g/kg of a yeast cell wall product (Integral, Alltech Inc., Nicholasville, KY); and MT-B: MT + 2 g/kg of a yeast 
fermentation product (Original XPC, Diamond V, Cedar Rapids, IA) 
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Table 7. Tissue damage of pigs consuming 4.8 mg/kg DON and 0.3 mg/kg ZEA with or without feed additives 
 Treatment1  Contrast P value: MT vs. 
 CON MT MT-A MT-B SEM CON MT-A MT-B 
Liver2         
   Hydropic degeneration  1.14  1.71  1.29  1.14 0.17 0.022 0.079 0.022 
   Vacuolation 1.00 1.00 1.00 1.00 0.00 - - - 
   Necrosis 1.00 1.00 1.00 1.00 0.00 - - - 
   Inflammation 1.00 1.00 1.00 1.00 0.00 - - - 
   Karyomegaly 1.00 1.43 1.29 1.57 0.26 0.245 0.695 0.695 
   Fibrosis 1.29 1.14 1.29 1.57 0.18 0.579 0.579 0.105 
   Bile ductile hyperplasia 1.14 1.29 1.43 1.14 0.17 0.558 0.558 0.558 
Kidney2         
   Vacuolation 1.00 1.00 1.00 1.00 0.00 - -  
   Necrosis 1.00 1.00 1.00 1.00 0.00 - - - 
   Inflammation 1.57 1.43 1.29 1.71 0.19 0.606 0.606 0.307 
   Regeneration 1.00 1.00 1.00 1.00 0.00 - - - 
   Protein casts 1.00 1.00 1.00 1.00 0.00 - - - 
   Fibrosis 1.00 1.00 1.00 1.00 0.00 - - - 

 1 CON: control without significant DON or ZEA; MT: 4.8 mg/kg DON and 0.3 mg/kg ZEA. Composition of diets MT-A: 
MT + 2 g/kg of a yeast cell wall product (Integral, Alltech Inc., Nicholasville, KY); and MT-B: MT + 2 g/kg of a yeast 
fermentation product (Original XPC, Diamond V, Cedar Rapids, IA) 
 2 Liver and kidney microscopic examinations indicating the percent of damage to tissue: normal to minimal (0 to 5%); mild 
(5 to 15%); moderate (15 to 40%); severe (greater than 40%)
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CHAPTER 5 

 

REPRODUCTIVE PERFORMANCE AND THE TRANSFER OF AFLATOXIN M1 TO 

MILK OF SOWS FED DIETS NATURALLY CONTAMINATED WITH AFLATOXIN 

AND FUMONISIN, AND THE EFFICACY OF A CLAY FEED ADDITIVE TO REDUCE 

THESE MYCOTOXINS 
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Abstract 

 An experiment was conducted to study the toxicity of corn naturally contaminated 

with aflatoxin B1 (AFB1) and fumonisin B1 (FB1) on 1) the reproductive performance of sows 

and the transfer of AFB1 to milk; 2) the effects of maternal mycotoxin consumption on piglet 

performance and health; and 3) the ability of a clay feed additive to reduce mycotoxin effects 

on sows and piglets.  Fifty two sows (parity 4.8 ± 0.8; 274.3 ± 7.7 kg BW) were allotted on d 

80 of gestation (G80) by parity to 3 treatments including CON (undetectable mycotoxin 

contamination); MT (a diet with 130 µg/kg AFB1 and 5,200 µg/kg FB1); and MTC (MT plus 

a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan International, Chicago, IL).  Sows were 

restrictively fed gestation diets until farrowing, when they received lactation diets ad libitum 

until d 18 of lactation (L18).  Sow BW and feed intake were recorded, and indicators of 

reproductive performance including litter size, number born alive or dead, litter birth weight, 

litter weight on L18, and piglet ADG were determined.  Blood samples were collected at the 

end of gestation and lactation for determination of hematological and biochemical changes 

by mycotoxins.  The composition of colostrum and milk was determined, as was the transfer 

of AFM1.  During gestation and lactation, sow BW and ADFI did not differ between 

treatments.  Reproductive performance was not altered except for the number of mummies 

which was greater in sows fed MTC.  Piglet performance was not affected by treatment.  

Hematological parameters were not altered in sows or piglets, and biochemical parameters 

were minimally altered in both the mothers and their offspring.  Colostrum and milk were 

contaminated with AFM1, with colostrum being contaminated to a greater extent than milk.   
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There were no differences between MT and MTC for AFM1 concentrations.  The transfer of 

AFB1 from feed to AFM1 in milk was 0.33 and 0.32 % for colostrum from MT and MTC, 

respectively, and 0.20 and 0.15 % for milk.  In conclusion, the consumption of 130 µg/kg 

AFB1 and 5,200 µg/kg FB1 by sows during late gestation and throughout lactation did not 

alter the performance of sows or their offspring.  The addition of the clay feed additive did 

not appear to reduce transfer of AFB1 to AFM1 in colostrum and milk.  Despite this 

contamination, the levels were at or below regulations set by the FDA for dairy cow milk, 

thus indicating the lower levels may also not harm nursing piglets.   

 

Key Words: aflatoxin, fumonisin, lactation, piglets, sows 
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Introduction 

 Aflatoxin B1 (AFB1) and fumonisin B1 (FB1) are two common and harmful 

mycotoxins that contaminate corn (Chaytor et al., 2011a).  Mycotoxins, toxic secondary 

metabolites of fungi, are problematic for the animal industry due to their harmful effects on 

growth performance, immune status, and body tissues.  For both AFB1 and FB1, pigs are one 

of the more sensitive species due to physiological differences in absorption, metabolism, and 

excretion (Eaton and Gallagher, 1994).  In the liver, AFB1 can be transformed to aflatoxin M1 

(AFM1) by the enzyme cytochrome P450 (Mclean and Dutton, 1995).  This metabolite can be 

secreted into the milk of lactating animals, and if consumed matches AFB1 in acute and 

chronic toxicity (Eaton and Gallagher, 1994).    

 Sow nutrition is important for the health of piglets.  Piglets born with higher birth 

weights will remain larger throughout their lives (Fix et al., 2010).  When sows consume 

AFB1 and FB1, they may reduce feed intake, lose body weight, or undergo tissue damage in 

turn hindering fetal growth (Connole and Hill, 1970).  At the same time, mycotoxins may 

pass to piglets through milk as AFM1.  If piglets consume AFM1 contaminated milk during 

suckling, they may be affected indirectly by mycotoxins.  As a result, piglet performance 

may be reduced.  To minimize the effects of mycotoxins on pigs, clay feed additives can be 

included in the diet.  These clays have potential to adsorb mycotoxins and in turn eliminate 

them from the body (Diaz et al., 2004).  The current study was carried out to investigate the 

effects of 130 µg/kg AFB1 and 5,200 µg/kg FB1 on the reproductive performance of sows 

and the transfer of mycotoxins from feed to the milk.  The subsequent effects of this transfer  
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on the performance and health of nursing piglets were examined.  This study also evaluated 

the ability of a clay feed additive to reduce mycotoxin effects on sows and piglets. 

Materials and Methods 

Animals and Experimental Diets 

 Fifty two pregnant sows with an average parity of 4.8 ± 0.8 and BW of 274.3 ± 7.7 kg 

were used in this study.  On d 80 of gestation, sows were weighed and allotted to 3 

treatments based on parity.  Diets included: CON (undetectable mycotoxin contamination); 

MT (a diet with 130 µg/kg AFB1 and 5,200 µg/kg FB1); and MTC (MT plus a clay feed 

additive, 1.0 g/kg Calabrin-Z, Amlan International, Chicago, IL).  This additive contains 

greater than 90 % of bentonite.  All sows were housed in gestation crates (2.0 x 0.6 m) at the 

North Carolina State University Swine Education Unit, and were fed 2 kg feed daily.  

Gestation diets (Table 1) were formulated to contain 3,330 Mcal ME/kg, 0.49% SID Lys and 

other essential nutrients meeting requirements suggested by NRC (1998).  On d 106 of 

gestation, all sows were weighed and moved to farrowing crates (2.1 x 1.5 m).  Sows were 

fed 2 kg/d of their appropriate gestation diet until farrowing, when they were fed ad libitum 

lactation diets with the same mycotoxin or feed additive level consumed during gestation.  

Lactation diets (Table 2) were formulated to contain 3,358 Mcal ME/kg, 0.86 % SID Lys and 

other essential nutrients suggested by NRC (1998).  Feed intake was recorded from d 0 to 9 

and d 9 to18 of lactation.  Body weight of sows was measured on d 80 (G80) and 106 (G106) 

of gestation, within 24 hours of farrowing (L0), and during lactation on d 9 (L9) and d 18 

(L18).  Litter size and the number of piglets born alive and dead were determined at  
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farrowing.  Body weight of each piglet was measured on L0, L9, and L18.  If cross-fostering 

occurred, it was completed within 48 hours after farrowing and piglets were only fostered to 

sows within the same treatment as their birth mother.  Cross-fostering was implemented to 

achieve uniform litter sizes, or if a sow died or was culled.  In total, there were 3 sows 

removed from the trial at farrowing: 1 sows developed ulcers; another was culled due to the 

fact that she attacked and killed all of her piglets after farrowing; and the third died during 

farrowing due to a ruptured uterus.  All procedures were approved by the North Carolina 

State University Animal Care and Use Committee. 

Blood Sampling and Analysis 

Blood samples from sows were collected from the jugular vein on G106 and L18.  

Blood samples (7 mL) were collected in neutral S-Monovette tubes (Sarstedt, Newton, NC) 

to obtain serum after centrifuging at 3,000 x g for 15 minutes at 4ºC.  Samples were sent to 

Antech Diagnostics (Cary, NC) for determination of liver biochemistry.  Concentrations of 

alanine aminotransferase, albumin, alkaline phosphatase, aspartate aminotransferase (AST), 

bilirubin, BUN to creatinine ratio, calcium, chloride, cholesterol, creatinine, creatine 

phosphokinase, globulin, glucose, phosphorus, potassium, protein, sodium, sodium to 

potassium ratio, and urea nitrogen were determined by photometric chemistry (Beckman 

Coulter, AU 5400).  Blood (7 mL) was also collected in S-Monovette tubes containing 

potassium EDTA to obtain whole blood for analysis of a complete blood count by automated 

hematology analysis (Siemans Advia 120, Antech Diagnostics, Cary, NC).  Measurements 

included hematocrit, hemoglobin, mean corpuscular hemoglobin, mean corpuscular  
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hemoglobin concentration, mean corpuscular volume, platelet number, red blood cell (RBC) 

count, white blood cell (WBC) count, basophils, eosinophils, lymphocytes, monocytes, and 

neutrophils. 

Piglet blood samples were collected on L18 from 1 male and 1 female piglet per litter 

(middle BW piglets for each gender).  Blood (7 mL) was collected in neutral Monovette 

tubes (Sarstedt, Newton, NC) to obtain serum for liver biochemistry.  Whole blood (5 mL) 

was also collected in Monovette tubes containing K3 ETDA for analysis of a complete blood 

count.           

Colostrum and Milk Sampling and Analysis 

Colostrum was collected from sows after the first piglet was born or within 24 hours 

following farrowing.  Milk samples were collected on L18 following administration of 0.5 

mL oxytocin into the ear vein as described by Rook and Witter (1968).  For each collection, a 

minimum of 25 mL of colostrum or milk were obtained from each sow from all available 

lactating mammary glands.  A total of 3 mL of each sample was aliquoted into 1.5 mL 

microcentrifuge tubes and stored at -80ºC until further analysis.  The remaining colostrum 

and milk was stored in 50 mL falcon tubes at -20ºC until analyzed for composition. 

Samples of colostrum and milk were sent to the Virginia Tech United Federation of 

Dairy Herd Information Association laboratory (Blacksburg, VA) for analysis of fat, lactose, 

non-fat solids, protein, and somatic cell content.  Composition parameters were measured by 

MilkoScan 4000 and somatic cell count was determined by Fossomatic 5000 (Foss 

Instruments, Eden Prairie, MN).   
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The immunoglobulin G (IgG) content of colostrum and milk was measured by ELISA 

(Bethyl Laboratories, Montgomery, TX) following protocol.  Colostrum samples were 

diluted 1:175,000 and milk samples at 1:10,000.  Goat anti-pig IgG was used as a capture 

antibody to coat wells, and horseradish peroxidase goat anti-pig IgG was used as a detection 

antibody in combination with a TMB enzyme substrate.  A stop solution of 0.18 M sulfuric 

acid (H2SO4) was used to stop the enzyme-substrate reaction.  Absorbance was read at 450 

nm using a Synergy HT ELISA plate reader (BioTek Instruments, INC, Winooski, VT) and 

Gen5 data analysis software (BioTek Instruments, INC, Winooski, VT).  Samples were 

quantified relative to the standard curve constructed with known amounts of pig IgG.  The 

ELISA IgG detection limit was 7.8 to 500 ng/mL.  

Colostrum and milk samples collected at L0 and L18 were analyzed for AFM1 

content and to determine the carryover of AFB1 to AFM1.  The AFM1 content in colostrum 

and milk was measured by ELISA following manufacturers protocol (AgraQuant Aflatoxin 

M1 Sensitive; Romer Labs, Union, MO).  Colostrum and milk samples were analyzed 

undiluted, and concentrations of AFM1 determined after reading absorbance at 450 nm and 

interpreting the results from the standard curve.  This ELISA had a range of quantization for 

AFM1 in milk of 25 to 500 ng/kg, and a limit of detection of 18 ng/kg.   The transfer of AFB1 

in the feed to AFM1 in colostrum and milk was calculated as the ratio between the AFM1 

concentration excreted and the analyzed concentration of AFB1 in the feed.   

Rebreeding Performance 

 The performance of experimental sows on the subsequent rebreeding was determined.   
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The number of sows culled after the trial period prior to rebreeding was recorded, as was the 

nuber of trial sows rebred, the numbers that farrowed or did not farrow, and the number of 

days between wean and first service.  Litter information was also collected, including the 

number of piglets born alive, stillborn, and mummies.  Litter birth weight was also 

determined.        

Statistical Analysis 

Data were analyzed using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) 

following a completely randomized design.  A sow was considered as the experimental unit.  

Separation of means was completed using the LSMEANS/PDIFF option of SAS.  Probability 

values less than 0.05 were considered statistically significant and between 0.05 and 0.10 as 

trends. 

Results 

Sow and Piglet Performance 

 Sow BW and feed intake did not statistically differ between treatments during 

gestation or lactation (Table 3).  Sows gained an average of 11.0 ± 2.2 kg during gestation, 

whereas they lost 1.52 ± 3.12 kg on average during lactation.  Throughout the 18 d of 

lactation, the ADFI for all sows was 4.81 ± 0.32 kg feed.   

 The total number of piglets born alive did not differ between treatments (Table 4).  

However, sows fed MTC tended (P = 0.059) to have an increased number of mummies, with 

sows fed MT having an intermediate number compared to sows fed CON and MTC.  The 

number of piglets that died within 48 hr after birth was greater (P < 0.05) in the CON and  
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MT treatments than MTC.   This piglet loss was attributed to sows sitting on their piglets.  

Although not significantly different, piglets in CON and MT had a slightly smaller average 

BW, and these piglets may have had a harder time getting out of the way of their mother 

when she lied down.  Litter birth weight was not different between treatments, nor was litter 

weight on L9 or L18.  The average piglet BW also did not differ at birth, L9, or L18.  Piglet 

ADG over the entire lactation period did not differ by treatment.             

Hematological and Biochemical Analysis 

 Hematological and biochemical parameters were minimally affected by sows 

consuming mycotoxins or the clay feed additive.  On G106 (Table 5), hematological 

parameters were not different between treatments.  The serum concentration of ALT was the 

only biochemical enzyme affected, where sows fed MTC tended (P = 0.063) to have 

increased levels of ALT in the serum.  Potassium concentrations were lower (P < 0.05) in 

sows consuming mycotoxins.  The sodium to potassium ratio was also altered in serum, 

where sows fed MT had an increased (P < 0.05) ratio.  The only other biochemical parameter 

affected by treatment at this time point was serum urea nitrogen, where sows fed MT had 

lower (P < 0.05) concentrations.  

 On L18, hematological parameters were again not altered by treatment (Table 6).  

Biochemical parameters were minimally changed, but indicated that potassium and sodium to 

potassium ratio were still affected by treatment.  In this case, potassium was greater (P < 

0.05) in sows fed MTC, while the sodium to potassium ratio was lowest (P < 0.05) in the 

serum of these same sows.  Serum urea nitrogen was no longer altered by treatment on L18.   
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 Similar to their mothers, piglet hematological and biochemical parameters indicated 

few alterations by treatment on L18 (Table 7).  The only measured differences occurred for 

cholesterol and serum protein concentrations.  In this case, piglets from sows fed MTC had 

increased (P < 0.05) cholesterol levels in the serum.  These piglets also tended to have higher 

(P = 0.056) protein concentrations.     

Colostrum and Milk Analysis 

 The composition of sow colostrum and milk was not influenced by the intake of 

AFB1 and FB1 (Table 8).  The concentration of IgG in both the colostrum and milk was also 

not different between treatments.  In contrast, AFM1 was detected in the colostrum and milk 

of sows consuming AFB1, and was significantly increased (P < 0.05) from the control 

animals not consuming this mycotoxin (Table 9).  The transfer of AFB1 to AFM1 was also 

determined.  Colostrum had higher AFM1 contamination and a higher transfer of AFB1 to 

AFM1 than milk.   There was no statistical difference between MT and MTC AFM1 

concentrations for colostrum or milk.   

Sow Rebreeding Performance 

 The only observed difference between treatments for rebreeding performance was for 

the number of stillborn piglets.  In this case, there was a tendency for sows that had been in 

the MT treatment to have an increased number of stillborns on the subsequent rebreeding 

(Table 10).       
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Discussion 

 Aflatoxin B1 and FB1 are the most potent forms of aflatoxin and fumonisin, and can 

cause acute and chronic effects on pigs.  When consumed, these mycotoxins are shown to 

reduced growth and feed intake (Panagala et al., 1986; Rotter et al., 1996), alter immune 

functions (Bouhet and Oswald, 2007; Meissonnier et al., 2008), and  damage tissues (Harvey 

et al., 1991; Casteel et al., 1993).  These mycotoxins frequently contaminate grains such as 

corn, and thus there is a high probability that pigs will ingest contaminated grains and 

experience these symptoms.  To make matters worse, AFB1 and FB1 often contaminate grains 

together (Chamberlain et al., 1993).  There is evidence that when consumed simultaneously, 

these mycotoxins have a synergistic relationship to further decrease animal performance or 

increase tissue damage (Miazzo et al., 2005).  Mycotoxin metabolites produced within the 

body can also be harmful.  The formation of AFM1 occurs by the hydroxylation of AFB1, and 

can be released into milk of lactating animals (Silvotti et al., 1997).  Research has 

demonstrated that AFM1 is equally as toxic as AFB1 (Eaton and Gallagher, 1994).   

   Due to the toxicity of these mycotoxins in humans and animals, several countries 

have regulations for the maximum levels permitted in food, feed, and milk.  For breeding 

swine, advisory levels are set by the United States Food and Drug Administration (FDA) at 

100 µg/kg AFB1, whereas diets can only contain up to 20 µg/kg for dairy cattle (Chaytor et 

al., 2011a).  This lower level for dairy cows can control for AFM1 output in milk, which is 

regulated at 500 ng/kg.  By contrast, the maximum levels of AFM1 allowed in milk in the 

European Union is 50 ng/mL (Battacone et al., 2005).  Fumonisin is regulated through  
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guidance levels by the FDA, where swine are indicated to tolerate up to 10,000 µg/kg FB1.  

Regulating the presence of AFM1 in milk is important because of the high consumption of 

these products by humans and young animals.        

 In our current study, the average analyzed AFB1 concentration fed to sows during 

gestation and lactation was slightly higher than FDA advisory level of 100 µg/kg, whereas 

the FB1 concentration of diets was below advisory levels of 10,000 µg/kg FB1 (FDA, 1994).  

It appears that feeding these levels of mycotoxins did not significantly impact the 

performance or health of sows and piglets.  Sow BW and feed intake did not differ between 

treatments, nor did reproductive performance parameters including total number of piglets 

born alive or dead, litter birth weight, or piglet weight at L18.  The number of mummies was 

significantly increased in sows fed MTC.  However, this value may not be practically 

significant due to the fact that the mean number of mummies for all treatments was less than 

one per sow.  At the same time, previous research has indicated that montmorillonite clays do 

not impact mineral uptake or utilization during pregnancy (Wiles et al., 2004).  As a result, 

this observed effect may simply be due to sow variation rather than an effect of the clay 

additive.  Piglet performance was also not affected by the mycotoxins or the additive, as 

indicated by the lack of significant differences in piglet BW on L0, L9, L18, or overall ADG.  

Previously, when sows consumed a diet highly contaminated with at 8,000 µg/kg AFB1, no 

alterations to fetal development or piglet performance were observed (Connole et al., 1970).     

 Hematological and biochemical parameters were analyzed for sows and piglets as 

indicators of health status and liver function.  Consumption of AFB1 and FB1 are shown to be 
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 toxic to the immune system and the liver (Battacone et al., 2009; Chaytor et al., 2011a).  In 

our study, the health of sows and piglets was minimally affected by the mycotoxins.  For 

both sows and their piglets, hematological measurements were not altered, indicating that the 

mycotoxins did not alter immune parameters including WBC or the subsets of WBC 

including basophils, eosinophils, lymphocyted, monocytes, or neutrophils.  Feeding sows 

high levels of AFB1 at 800 µg/kg was also shown not to influence piglet immune parameters 

(Silvotti et al., 1997).  In dairy sheep, the ingestion of 32 to 128 µg/d AFB1 did not alter 

hematological or biochemical parameters (Battacone et al, 2005).   

The addition of AFB1 and FB1 to the diet also did not greatly impact liver function of 

sows as indicated by serum biochemistry.  Serum urea nitrogen was reduced in sows fed MT 

on G106.  In sheep, the consumption of AFB1 altered urea concentration as well but there 

was no conclusive trend as this parameter was lowered by low and high concentrations of 

AFB1 but increased by moderate AFB1 (Battacone et al., 2009).  Alteration to urea 

concentration can indicate kidney challenge, but in our study we cannot conclude this effect 

given that serum urea nitrogen was not continually affected on L18.  The only measurements 

that were impacted on both G106 and L18 were potassium concentration and sodium to 

potassium ratio.  However, there was no trend observed between time points.  On G106, 

potassium concentration was greatest in sows fed CON, causing lower sodium to potassium 

ratio in these animals.  In contrast, on L18 potassium was greatest, and the ratio lowest, in 

sows fed MTC.  Potassium is previously shown to be altered by clay additives in mice, where 

serum concentrations may increase (Martin-Kleiner et al., 2001).  It is speculated that this  
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increase was due to binding of potassium by clays in the gastrointestinal tract. However, 

other research in pigs and poultry indicate that clays did not affect serum potassium.     

The only significant effect on piglet biochemical parameters on L18 was an increased 

in serum cholesterol concentration for piglets from sows consuming MTC.  Feed additives 

are previously shown to alter some blood parameters.  The addition of a dried yeast culture 

additive changed biochemical parameters including gamma glutamyl transferase, urea, and 

creatinine (Battacone et al., 2009).  Despite these changes, it was concluded in this research 

that these effects were not to an extent that would be detrimental to health.  In our study, 

piglets from sows consuming MT did not have increased cholesterol, indicating that the 

affect may have occurred due to the addition of the clay additive.  However, this conclusion 

does not agree with Chaytor et al. (2011b), where serum cholesterol increased in pigs 

mycotoxins at levels as low as 60 µg/kg AF with 300 µg/kg deoxynivalenol.  Other studies 

looking at the effect of maternal nutrition on offspring health have not observed changes to 

cholesterol (Battacone et al, 2005).   

 Although there were minimal effects of the mycotoxins on sows and piglets in regard 

to performance and health, analysis of colostrum and milk for AFM1 did indicate AFB1 was 

consumed and metabolized.  Low concentrations of AFM1 were measured in the colostrum of 

sows fed CON, indicating that this diet may have been contaminated with some level of 

AFB1 that was below measurable detection limits of the ELISA.  These values of AFM1 

observed for the CON group were low however, and close to the lower limit of detection for 

this analysis.  In contrast, AFM1 was measured at high concentrations in sows fed both MT  
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and MTC for both lactation time points.  For all treatments, the mean AFM1 concentrations 

were greater in colostrum than milk.  In this case, contamination was 1.5 to 1.9 times higher 

in early lactation.  Aflatoxin M1 is linked to milk proteins, specifically casein, and more than 

80 % of AFM1 is shown to retain protein binding (Barbiroli et al., 2007).  In dairy cows, 

casein is shown to be at high concentrations at the time of parturition (Hartmann, 1973).  The 

casein levels then decrease to normal milk levels by the second day after parturition.  This 

high casein level in colostrums may be one factor causing AFM1 to be higher in the 

colostrum in our sows.  Other research has not shown colostrum to have increased transfer 

rates of AFM1, but instead indicates that AFM1 may remain at a steady state or may increased 

throughout lactation as shown in sows consuming high levels of 800 µg/kg AFB1 (Silvotti et 

al., 1997; Battacone et al., 2009).  However, in these studies, the AFM1 content was not 

measured in colostrum but only milk at a minimum of 5 days postpartum.  Thus, our data 

indicate that colostrum may contain AFM1 levels much higher than milk.  Despite the 

inclusion of AFB1 in the diet and the contamination by AFM1 in the milk, milk production 

rates are shown not to be affected in several species (Battacone et al., 2009). 

Analyzed compositions between MT and MTC were not significantly different for 

AFM1 milk concentration. Numerically, values for AFM1 content were actually higher in 

sows fed MTC.  However, this may be due to the naturally higher levels of AFB1 in the diet 

of MTC fed sows.  The concentration of AFM1 is shown to increase linearly with AFB1 dose 

(Battacone et al., 2005).  Due to these results, it would appear that production and secretion 

of AFM1 is related to dietary concentration of this mycotoxin, subsequently indicating that  
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the clay additive in MTC did not prevent the metabolism and excretion of AFM1.  The clay 

additive in our current study was composed of bentonite.  Clays have previously been 

analyzed for their ability to reduce the occurrence of AFM1 in milk.  In contrast to our 

results, the addition of sodium bentonite and activated charcoal have been shown to reduce 

AFM1 content in milk of dairy goats without affecting milk composition (Mageswara Rao 

and Chopra, 2001).  Feeding bentonite and activated charcoal additives to dairy cow diets 

contaminated with AFB1 also reduced AFM1 in milk (Diaz et al., 2004).   

The transfer of AFB1 to AFM1 was determined to be 0.33 and 0.32 % for colostrum 

from MT and MTC, respectively, and 0.20 and 0.15 % for milk.  These transfer rates are 

similar to previously published data.  Battacone et al. (2005) found carryover rates of AFB1 

in feed to AFM1 in milk to be 0.26 to 0.33 % after feeding concentrations of 32 to 128 µg/d 

to sheep.  Other results have shown similar results with the percent carryover to range 

between 0.14 to 0.40 % in goats consuming AFB1 (Nageswara Rao and Chopra, 2001).  

Higher rates of transfer are observed in lactating dairy cows of 1 to 3 % (Diaz et al., 2004; 

Masoero et al., 2007).  Interestingly, the carryover of AFB1 to AFM1 in sows fed MTC was 

numerically lower despite the higher levels of AFB1 in the diet and AFM1 in the mammary 

secretions.  Other research shows this same effect, where carryover percentage decreases as 

the mycotoxin level increases in the diet.  Battacone et al. (2005) showed that the percent 

transfer decreased from 0.33 to 0.26 % as daily AFB1 does increased from 32 to 128 µg/d in 

sheep diets.  Similarly, carryover rates have been shown to decrease in dairy cows from 2.33 

to 1.94 % as dietary concentration of AFB1 increased from 492 to 2,491 µg/d (Forbish et al., 

 



136 
 

 1986).  Battacone et al. (2009) speculated that this inverse relationship may be due to 

biotransformation processes in animal tissues.  In vitro analysis with bovine epithelial cells 

has shown that the percentage of AFM1 converted from AFB1 decreased as the concentration 

of the latter increased (Caruso et al., 2008).  Our results indicate that this carryover effect 

may also occur in sows. 

The rebreeding performance of sows following the experimental period did not 

appear to be greatly altered by the original treatments.  However, there was a greater number 

of sows from the MT culled after the trial period.  It was not recorded at the farm why these 

sows were culled, but the farm crew did not have knowledge of which treatment the sows 

had been on during the experimental period.  Interestingly, the number of stillborns did tend 

to also be increased in the sows that had consumed the MT treatment.  Further research is 

needed to understand why this effect occurred. 

Overall, this study indicates that the chronic consumption of low levels of AFB1 and 

FB1 by sows does not affect their performance or the performance of their nursing piglets.  

Simultaneously, the hematological and biochemical parameters were minimally affected by 

these mycotoxins, potentially indicating that the immune system, liver, and kidneys were not 

compromised by the contaminated diet.  Although these parameters were not greatly affected, 

colostrum and milk were contaminated with AFM1.  The levels of AFM1 observed in samples 

from sows consuming MT and MTC were close to, or above, the concentrations regulated by 

the FDA for dairy cow milk.  These levels were also greatly above those regulated in the 

European Union.  These results provide practical information on the excretion of AFM1 in  
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milk.  Although sow milk is not consumed by humans, the carryover of AFB1 to AFM1 in 

sow milk could be problematic for piglet growth and health and thus impact the swine 

industry.  Although the concentrations of AFB1 and FB1 in the current study did not alter sow 

or piglet performance, higher levels are observed in naturally contaminated grains.  These in 

turn could cause harm to sows and their piglets. 
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Table 1.  Composition of gestation diets (as-fed basis) 
 Treatment1 
Ingredient, % CON MT MTC 
Corn grain 81.30 75.10 75.00 
Corn with AF and FUM2 0.00 6.20 6.20 
SBM, w/o hulls 13.85 13.85 13.85 
Trace mineral premix3 0.15 0.15 0.15 
Vitamin premix3 0.04 0.04 0.04 
Monocalcium phosphate 2.05 2.05 2.05 
Limestone  1.11 1.11 1.11 
Salt 0.50 0.50 0.50 
Poultry fat 1.00 1.00 1.00 
Additive 0.00 0.00 0.10 
Calculated Composition    
Dry matter, % 88.78 88.78 88.78 
ME, Mcal/kg 3,330 3,330 3,330 
Crude protein, % 13.33 13.33 13.33 
SID Lys, % 0.49 0.49 0.49 
SID Met + Cys, % 0.39 0.39 0.39 
SID Trp, % 0.10 0.10 0.10 
SID Thr, % 0.36 0.36 0.36 
Calcium, % 0.93 0.93 0.93 
Available phosphorus, % 0.45 0.45 0.45 
Aflatoxin, µg/kg 0.00 130 130 
Fumonisin, µg/kg 0.00 5,200 5,200 
Analyzed Composition    
Dry Matter, % 91.36 91.95 91.41 
Crude Protein, % 11.32 11.06 12.56 
Aflatoxin, µg/kg 0.00 128.0 170.0 
Fumonisin, µg/kg 0.00 5,040 6,720 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 

2 Corn contained 2,495 µg/kg AFB1 and 142,922 µg/kg FB1, as well as 223 µg/kg 
aflatoxin G1, 13,868 µg/kg fumonisin B2, and 1,094 µg/kg zearalenone. Analysis of 
mycotoxins in corn was completed by Alltech (Nicholasville, KY) by ultra performance 
liquid chromatography and mass spectrometry.  

3 The vitamin premix provided the following per kilogram of complete diet: 8,228 IU 
of vitamin A as vitamin A acetate; 1,173 IU of vitamin D3; 47 IU of vitamin E; 0.03 mg of 
vitamin B12; 5.88 mg of riboflavin; 23.52 mg of D-pantothenic acid as calcium panthonate; 
35.27 mg of niacin; 0.24 mg of biotin; 1.76 mg folic acid; 3.88 mg menadione. The trace 
mineral premix provided the following per kilogram of complete diet: 3.96 mg of Mn as 
manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 16.5 mg of 
Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se as 
sodium selenite. 
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Table 2. Composition of lactation diets (as-fed basis) 
 Treatment1 
Ingredient, % CON MT MTC 
   Corn grain 69.44 63.24 63.14 
   Corn with AF and FUM2 0.00 6.20 6.20 
   SBM, w/o hulls 24.00 24.00 24.00 
   Lys HCl 0.17 0.17 0.17 
   Trace mineral premix3 0.15 0.15 0.15 
   Vitamin premix3 0.04 0.04 0.04 
   Monocalcium phosphate 2.50 2.50 2.50 
   Limestone 1.20 1.20 1.20 
   Salt 0.50 0.50 0.50 
   Poultry fat 2.00 2.00 2.00 
   Additive 0.00 0.00 0.10 
Calculated Composition    
   Dry matter, % 89.20 89.20 89.20 
   ME, Mcal/kg 3,358 3,358 3,358 
   Crude protein, % 17.32 17.32 17.32 
   SID Lys, % 0.86 0.86 0.86 
   SID Met + Cys, % 0.47 0.47 0.47 
   SID Trp, % 0.15 0.15 0.15 
   SID Thr, % 0.48 0.48 0.48 
   Calcium, % 1.09 1.09 1.09 
   Available phosphorus, % 0.55 0.55 0.55 
   Aflatoxin, µg/kg 0.00 130 130 
   Fumonisin, µg/kg 0.00 5,200 5,200 
Analyzed Composition    
   Dry Matter, % 91.52 92.06 91.79 
   Crude Protein, % 16.45 16.40 16.49 
   Aflatoxin, µg/kg 0.00 142.00 187.00 
   Fumonisin, µg/kg 0.00 5,600 7,360 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 

2 Corn contained 2,495 µg/kg AFB1 and 142,922 µg/kg FB1, as well as 223 µg/kg 
aflatoxin G1, 13,868 µg/kg fumonisin B2, and 1,094 µg/kg zearalenone. Analysis of 
mycotoxins in corn was completed by Alltech (Nicholasville, KY) by ultra performance 
liquid chromatography and mass spectrometry.  

3 The vitamin premix provided the following per kilogram of complete diet: 8,228 IU 
of vitamin A as vitamin A acetate; 1,173 IU of vitamin D3; 47 IU of vitamin E; 0.03 mg of 
vitamin B12; 5.88 mg of riboflavin; 23.52 mg of D-pantothenic acid as calcium panthonate; 
35.27 mg of niacin; 0.24 mg of biotin; 1.76 mg folic acid; 3.88 mg menadione. The trace 
mineral premix provided the following per kilogram of complete diet: 3.96 mg of Mn as 
manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc sulfate; 16.5 mg of 
Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se as 
sodium selenite. 
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Table 3. Performance of sows consuming mycotoxins and a clay feed additive. 
 Treatment1   
 CON MT MTC SEM P-value 
n 18 17 17   
Parity 4.9 5.0 4.6 0.8 0.927 
Sow BW, kg      
   G80 273.8 276.8 272.1 7.7 0.910 
   G106 283.0 289.2 283.6 7.4 0.813 
   L0 270.1 275.0 267.1 8.4 0.791 
   L9 264.6 275.5 264.3 7.8 0.514 
   L18 264.3 273.6 263.4 8.0 0.613 
Sow BW Change, kg      
   G80 to 106 9.25 12.31 11.43 2.15 0.582 
   L0 to 18 -3.27 -1.24 -0.06 3.12 0.751 
Sow ADFI, kg/d      
   L0 to 9 4.08 4.38 4.65 0.37 0.550 
   L9 to 19 4.99 4.98 5.76 0.38 0.269 
   L0 to 18 4.53 4.68 5.21 0.32 0.300 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 
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Table 4. Performance of piglets from sows consuming mycotoxins and a clay feed additive.  
 Treatment1   
 CON MT MTC SEM P-value 
Litter Size      
   Born, total 11.65 11.47 11.71 0.81 0.977 
   Born, dead 1.18 1.65 1.41 0.43 0.745 
   Born, alive 10.47 9.82 10.29 0.75 0.821 
   After CF 10.59 10.18 10.12 0.56 0.813 
   Number of pigs dead w/in 48 hrs 2.76a 2.65 a 1.35 b 0.43 0.043 
   After CF and INI death 7.82 7.53 8.76 0.48 0.181 
   Stillborn 1.12  1.24 0.71 0.34 0.517 
   Mummy 0.06a 0.41ab 0.71b 0.19 0.059 
   L18 7.41 7.75 8.35 0.42 0.271 
Litter Weight, kg      
   Birth 15.38 14.96 15.47 1.09 0.939 
   After CF 15.60 15.84 15.38 0.86 0.932 
   After CF and INI death 11.86 12.64 13.69 0.72 0.207 
   L9 24.54 25.36 27.10 1.65 0.533 
   L18 41.70 44.44 49.35 2.80 0.154 
   Weight gain, L0 to 18 29.85 31.30 35.65 2.35 0.197 
Av. Piglet Weight, kg      
   Birth 1.48 1.52 1.56 0.05 0.611 
   After CF and INI death 1.53 1.65 1.60 0.06 0.388 
   L9 3.23 3.23 3.23 0.15 1.000 
   L18 5.59 5.78 6.00 0.25 0.512 
  ADG, L0 to 18 0.225 0.229 0.244 0.012 0.517 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



145 
 

Table 5. Hematological and biochemical parameters on d 106 of gestation of sows 
consuming mycotoxins and a clay feed additive. 

 Treatment1   
 CON MT MTC SEM P-value
Hematology      
   Hematocrit, % 36.29 34.66 36.78 1.13 0.443 
   Hemoglobin, g/dL 11.75 10.54 12.18 0.54 0.109 
   MCH, pg 21.03 20.84 20.84 0.33 0.734 
   MCHC, g/dL 32.46 33.11 33.27 0.46 0.244 
   MCV, fL 64.93 63.00 62.62 1.32 0.164 
   Platelets, 103/µL 161.50 171.75 140.35 16.20 0.490 
   RBC, 106/µL 5.60 5.52 5.87 0.18 0.318 
   WBC, 103/µL 11.71 11.63 10.71 0.75 0.669 
   WBC Subsets       
      Basophils, 103/µL 12.57 17.00 0.00 10.50 0.414 
      Eosinophils, 103/µL 758.29 810.25 619.23 96.37 0.259 
      Lymphocytes, 103/µL 4,713.71 4,602.67 4,372.15 400.18 0.868 
      Monocytes, 103/µL 416.43 408.33 395.31 55.60 0.986 
      Neutrophils, 103/µL 5,791.86 5,795.08 5,321.00 510.43 0.854 
Biochemistry      
   Albumin, g/dL 3.40 3.34 3.50 0.08 0.414 
   Albumin:Globulin 1.02 0.92 1.05 0.05 0.179 
   Alkaline Phosphatase, U/L 34.47 36.76 39.42 4.61 0.740 
   ALT, U/L 15.28a 15.75ab 17.93b 0.84 0.063 
   AST, U/L 23.88 20.03 25.01 3.37 0.551 
   Bilirubin, mg/dL 0.11 0.11 0.14 0.01 0.211 
   BUN:Creatinine 2.56 2.17 2.64 0.21 0.256 
   Calcium, mg/dL 9.24 9.16 9.29 0.12 0.706 
   Cholesterol, mg/dL 51.93 51.70 51.91 2.62 0.998 
   Chloride, mEq/L 105.30 103.46 103.53 0.88 0.241 
   CPK, U/L 1,620 1,021 1,605 483 0.609 
   Creatinine, mg/dL 2.47 2.35 2.56 0.08 0.227 
   Globulin, g/dL 3.46 3.77 3.60 0.17 0.388 
   Glucose, mg/dL 69.77 68.01 68.64 2.70 0.895 
   Phosphorus, mg/dL 6.50 6.59 6.27 0.12 0.149 
   Potassium, mEq/L 5.31c 4.44d 4.73cd 0.22 0.021 
   Protein, g/dL 6.87 7.10 7.16 0.14 0.294 
   Sodium, mEq/L 140.81 139.39 138.84 0.95 0.310 
   Sodium:Potassium 27.31c 31.46d 29.45cd 1.03 0.024 
   Urea Nitrogen, mg/dL 6.46c 5.11d 6.71c 0.42 0.022 
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Table 5. Continued. 
 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 

2 MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin 
concentration; MCV: mean corpuscular volume; RBC: red blood cell count; WBC: white 
blood cell count; Albumin:globulin: albumin to globulin ratio; ALT: alanine 
aminotransferase; AST: aspartate aminotransferase; BUN:Creatinine: BUN to creatinine 
ratio: CPK: creatine phosphokinase; Sodium:Potassium: sodium to potassium ratio. 

a-b Means lacking a common superscript within each row tend to differ (P < 0.10) 
 c-d Means lacking a common superscripts within each row differ (P < 0.05) 
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Table 6. Hematological and biochemical parameters on d 18 of lactation of sows consuming 
mycotoxins and a clay feed additive. 

 Treatment1   
 CON MT MTC SEM P-value 
Hematology      
   Hematocrit, % 35.57 35.16 34.81 0.92 0.824 
   Hemoglobin, g/dL 11.66 11.68 11.60 0.28 0.979 
   MCH, pg 20.98 21.19 21.28 0.35 0.804 
   MCHC, g/dL 32.89 33.22 33.38 0.41 0.658 
   MCV, fL 63.93 63.81 64.01 1.07 0.991 
   Platelets, 103/µL 193.01 177.42 175.16 21.02 0.793 
   RBC, 106/µL 5.57 5.53 5.46 0.15 0.839 
   WBC, 103/µL 12.98 14.56 13.28 0.78 0.329 
   WBC Subsets       
      Basophils, 103/µL 60.11 41.56 41.42 18.57 0.699 
      Eosinophils, 103/µL 993.15 1,068.73 857.82 135.16 0.520 
      Lymphocytes, 103/µL 4,949.66 4,951.34 4,971.13 329.80 0.999 
      Monocytes, 103/µL 444.07 498.02 396.22 51.56 0.374 
      Neutrophils, 103/µL 6,538 7,996 7,018 713 0.351 
Biochemistry      
   Albumin, g/dL 3.58 3.68 3.80 0.09 0.202 
   Albumin:Globulin 0.91 0.90 1.05 0.06 0.156 
   Alkaline Phosphatase, U/L 37.74 52.23 45.83 9.42 0.553 
   ALT, U/L 17.70 17.57 19.60 1.19 0.377 
   AST, U/L 25.11 23.63 25.89 2.73 0.839 
   Bilirubin, mg/dL 0.11a 0.10b 0.10b 0.01 0.092 
   BUN:Creatinine 6.36 5.60 5.80 0.54 0.578 
   Calcium, mg/dL 9.40 9.30 9.48 0.13 0.583 
   Cholesterol, mg/dL 76.95 81.55 73.37 3.94 0.338 
   Chloride, mEq/L 102.64 103.09 103.10 0.75 0.876 
   CPK, U/L 898 1,691 869 516 0.453 
   Creatinine, mg/dL 1.87 1.78 1.77 0.08 0.577 
   Globulin, g/dL 4.26 4.23 3.87 0.22 0.338 
   Glucose, mg/dL 80.87 76.21 85.21 4.30 0.332 
   Phosphorus, mg/dL 6.03 6.31 5.97 0.17 0.337 
   Potassium, mEq/L 5.04c 5.30c 6.24d 0.34 0.029 
   Protein, g/dL 7.84 7.91 7.68 0.18 0.640 
   Sodium, mEq/L 142.15 142.34 140.22 0.84 0.132 
   Sodium:Potassium 28.72c 27.46cd 23.88d 1.42 0.040 
   Urea Nitrogen, mg/dL 11.58 10.05 10.14 0.92 0.405 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 

a-b Means lacking a common superscript within each row tend to differ (P < 0.10) 
 c-d Means lacking a common superscripts within each row differ (P < 0.05) 
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Table 7. Hematological and biochemical parameters of piglets from sows consuming 
mycotoxins and a clay feed additive on day 18of lactation. 

 Treatment1   
 CON MT MTC SEM P-value 
Hematology      
   Hematocrit, % 37.36 37.71 39.27 0.80 0.199 
   Hemoglobin, g/dL 11.40 11.60 11.96 0.24 0.258 
   MCH, pg 19.17 19.80 19.87 0.40 0.378 
   MCHC, g/dL 30.53 30.71 30.44 0.21 0.637 
   MCV, fL 62.88 64.50 65.35 1.21 0.332 
   Platelets, 103/µL 529.85 484.36 479.22 34.20 0.501 
   RBC, 106/µL 5.97 5.86 6.03 0.12 0.581 
   WBC, 103/µL 6.95 7.27 7.43 0.42 0.703 
   WBC Subsets       
      Basophils, 103/µL 5.37 12.05 8.53 4.09 0.491 
      Eosinophils, 103/µL 377.04 299.26 320.66 36.42 0.280 
      Lymphocytes, 103/µL 3,741.24 3,897.80 4,345.16 271.01 0.263 
      Monocytes, 103/µL 200.93 186.26 202.51 23.87 0.860 
      Neutrophils, 103/µL 2,594 2,853 2,532 270 0.658 
Biochemistry      
   Albumin, g/dL 3.18 3.10 3.31 0.08 0.207 
   Albumin:Globulin 2.26 2.19 2.10 0.13 0.686 
   Alkaline Phosphatase, U/L 810.87 802.75 821.92 47.64 0.953 
   ALT, U/L 22.09 21.07 22.01 1.06 0.735 
   AST, U/L 38.31 37.12 40.39 2.39 0.611 
   Bilirubin, mg/dL 0.38 0.45 0.46 0.04 0.303 
   BUN:Creatinine 13.91 11.71 13.20 1.03 0.286 
   Calcium, mg/dL 10.82 10.54 10.71 0.14 0.342 
   Cholesterol, mg/dL 171.41a 189.00ab 210.38b 10.22 0.020 
   Chloride, mEq/L 102.27 102.43 101.29 0.58 0.316 
   CPK, U/L 644.85 655.57 701.00 110.03 0.927 
   Creatinine, mg/dL 0.79 0.80 0.80 0.02 0.926 
   Globulin, g/dL 1.54 1.50 1.62 0.07 0.446 
   Glucose, mg/dL 125.00 125.63 127.43 3.10 0.844 
   Phosphorus, mg/dL 9.66 9.72 9.97 0.19 0.482 
   Potassium, mEq/L 5.86 6.05 6.66 0.37 0.271 
   Protein, g/dL 4.73cd 4.60c 4.93d 0.10 0.056 
   Sodium, mEq/L 139.99 139.29 139.83 0.80 0.796 
   Sodium:Potassium 25.48 24.67 22.50 1.36 0.279 
   Urea Nitrogen, mg/dL 10.44 8.94 10.07 0.72 0.295 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 

a-b Means lacking a common superscripts within each row differ (P < 0.05) 

c-d Means lacking a common superscript within each row tend to differ (P < 0.10) 
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Table 8. Composition of colostrum and milk from sows consuming mycotoxins and a clay 
feed additive. 

 Treatment1   
 CON MT MTC SEM P-value 
Colostrum      
  Fat, % 4.77 4.56 3.95 0.43 0.367 
  Lactose, % 2.40 2.64 2.50 0.10 0.215 
  Nonfat solids, % 18.23 18.27 18.66 0.36 0.645 
  Protein, % 14.62 14.40 14.98 0.46 0.672 
  Somatic cells, x103/mL 2,776 6,590 3,861 2,321 0.499 
  IgG, mg/mL 49.37 52.70 58.28 4.19 0.328 
Milk      
  Fat, % 7.04 6.87 7.03 0.33 0.921 
  Lactose, % 5.55 5.43 5.25 0.19 0.544 
  Nonfat solids, % 12.18 11.97 12.22 0.11 0.252 
  Protein, % 4.66 4.59 4.68 0.10 0.764 
  Somatic cells, x103/mL 2,036 1,412 1,413 548 0.668 
  IgG, mg/mL 0.98 1.22 1.14 0.21 0.734 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 
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Table 9. Aflatoxin M1 concentration in colostrum and milk from sows consuming 
mycotoxins and a clay feed additive. 

 Treatment1   
 CON MT MTC SEM P-value 
Colostrum      
   AF M1, ng/kg 58.88 a 420.30 b 546.38 b 53.63 < 0.001 
   Transfer rate2, % - 0.33 0.32 0.04 0.906 
Milk      
   AF M1, ng/kg BD3 282.24 287.04 47.69 0.930 
   Carryover2, % - 0.20 0.15 0.02 0.203 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 

2 Transfer rate: percent transfer of AFB1in feed converted to AFM1 
3 BD: below detection limits of 25 ng/kg for the ELISA analysis  

 a-b Means lacking a common superscripts within each row differ (P < 0.05) 
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Table 10. Rebreeding performance of sows that consumed mycotoxins and a clay feed 
additive during the previous gestation and lactation. 

 Treatment1   
 CON MT MTC SEM P-value 
No. culled2 1 3 0   
No. rebred 17 14 17   
No. did not farrow2 3 1 3   
No. farrowed 14 13 14   
D wean to first service 4.71 4.92 4.71 0.33 0.874 
Litter information      
   Born, alive 10.21 8.46 9.07 0.77 0.278 
   Born, stillborn 1.57 2.46 1.14 0.41 0.083 
   Born, mummy 0.14 0.69 0.29 0.19 0.132 
   Litter birth weight, kg 14.43 13.04 13.03 1.08 0.572 

1 CON: undetectable mycotoxin contamination); MT: 130 µg/kg AFB1 and 5,200 
µg/kg FB1); and MTC: MT plus a clay feed additive, 1.0 g/kg Calabrin-Z, Amlan 
International, Chicago, IL. 

2 No. culled: number of sows culled after the completion of the experimental trial 
without rebreeding; No. did not farrow: number of sows that were rebred but did not 
conceive or died prior to parturition.  
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CHAPTER 6 

 

EFFICACY OF DIETARY SPRAY DRIED PLASMA PROTEIN TO MITIGATE THE 

NEGATIVE EFFECTS ON PERFORMANCE OF PIGS FED DIETS WITH MYCOTOXIN 

CONTAMINATED CORN 
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Abstract 

The ability of spray dried plasma protein (SDPP) to reduce the negative effects of the 

mycotoxins (M),180 µg/kg aflatoxin B1  (AFB1) and 9 mg/kg fumonisin B1 (FB1), on 

performance was determined in weaned pigs (n = 180, 6.84 ± 0.11 kg).  For 12 d after 

weaning, pigs were fed a phase 1 nursery diet without M and with either 0% SDPP (PP0) or 

6% SDPP (PP6).  After 12 d, pigs were fed a phase 2 diet for 3 wk.  Pigs fed PP0 in phase 1 

continued to be fed a phase 2 diet with no SDPP (PP0/PP0) or were fed a diet with M 

contaminated corn (PP0/PP0M).  Pigs fed SDPP in phase 1 were fed either a diet with no 

SDPP (PP6/PP0), a diet with M and no SDPP (PP6/PP0M), a diet with M and 3% SDPP 

(PP6/PP3M), or a diet with M and 6% SDPP (PP6/PP6M).  During phase 1, pigs fed PP6 had 

increased (P < 0.05) ADG, ADFI, and G:F, whereas immunological parameters were not 

altered.  During phase 2, pigs consuming diets with M and no SDPP in phase 1 or 2 

(PP0/PP0M) had reduced ADG (P < 0.01) and ADFI (P < 0.05) in contrast to pigs fed 

PP0/PP0.  The performance of pigs fed PP6 in phase 1 was not affected by AFB1 and FB1 in 

phase 2.  Performance of pigs fed PP6/PP3M in contrast to pigs fed PP6/PP0M during phase 

2 did not differ, however, pigs fed PP6/PP3M had lower (P < 0.05) TNF-α and tended (P = 

0.094) to have lower DNA damage.  During phase 2, ADG and ADFI of pigs fed PP6/PP6M 

did not differ from PP6/PP0M, but G:F tended (P = 0.067) to be increased in pigs fed 

PP6/PP6M.  Over the entire study period, pigs fed diets contaminated with M without prior 

SDPP had reduced (P < 0.05) ADG and tended (P = 0.067) to have reduced ADFI.  

However, feeding a diet with 6% SDPP prior to feeding a diet with AFB1 and FB1 prevented  
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the reduction in performance of pigs by M.  Overall, feeding a diet with SDPP improved 

growth performance and feed intake of young pigs directly after weaning.  Feeding 6% SDPP 

in the phase 1 diet also reduced the negative effects of mycotoxins on growth performance 

during phase 2.  This study indicates that ingredient and nutrient composition of diets fed 

immediately after weaning may be important for pigs that subsequently consume diets 

contaminated with AFB1 and FB1, and that feeding phase 1 diets supplemented with SDPP 

can enhance the condition of pigs before M challenge.  

 
Key words: aflatoxin B1, fumonisin B1, pigs, spray dried plasma protein. 
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Introduction 

Mycotoxins, toxic secondary metabolites of fungi, can negatively affect the health of 

humans and animals (Chaytor et al., 2011a).  Hundreds of mycotoxins exist; however two 

common forms include aflatoxin B1 (AFB1) and fumonisin B1 (FB1).  Due to fungal 

similarities, AFB1 and FB1 frequently co-contaminate agricultural crops (Vargas et al., 2001).  

Although they can affect numerous species, AFB1 and FB1 are particularly harmful to pigs 

and may decrease growth performance, alter the immune system, or cause tissue damage 

(Chaytor et al., 2011a).  Aflatoxin B1 is carcinogenic, while FB1 is structurally similar to 

sphingolipids and can cause porcine pulmonary edema (Dilkin et al., 2003).  Due to the 

negative impact of AFB1 and FB1 on pig health, it is necessary to find ways to minimize 

effects if mycotoxins are consumed. 

Supplementing the diet with high quality feedstuffs may play a role in reducing 

mycotoxins.  Whey protein concentrate was shown to reduce AF toxicity in rats due to its 

antioxidant properties (Saleh et al., 2007).  Another feedstuff that may reduce effects of 

mycotoxins is spray dried plasma protein (SDPP).  van Dijk et al. (2001) showed that dietary 

SDPP improved pig performance and was particularly beneficial to those facing stress.  

Weaning is one stressful event where SDPP can benefit pig growth and decrease intestinal 

disorders (Kats et al., 1994; Bosi et al., 2004).  Recent evidence suggests pigs fed diets 

supplemented with SDPP have reduced diarrhea and intestinal barrier dysfunction due to a 

reduction in inflammation caused by weaning stress (Peace et al., 2011).  Due to these 

beneficial properties, it was hypothesized that feeding SDPP would also benefit pigs  
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consuming mycotoxins.  The objective of this study was to determine the impact of feeding 

corn naturally contaminated with AFB1 and FB1 on growth performance and health of young 

pigs receiving SDPP before or during the mycotoxin challenge.   

Materials and Methods 

Animals and Experimental Diets 

One hundred and eighty newly weaned pigs (BW 6.84 ± 0.11 kg, Smithfield Premium 

Genetics) were used in this study.  Pigs were purchased from Murphy Brown LLC (Rose Hill, 

NC) directly after weaning and were housed in solid concrete floor pens (1.42 m x 3.86 m) at 

the North Carolina Swine Evaluation Station (Clayton, NC).  Upon arrival, pigs were allotted 

to 6 treatment groups (Table 1).  There were 10 pens (5 barrow and 5 gilt pens) per treatment 

with 3 pigs per pen.  For the first 12 d after weaning (phase 1), pigs were fed 1 of 2 diets 

depending on their assigned treatment so that 2 treatment groups (20 pens) received a 

common diet with 0% SDPP (PP0) and the remaining 4 treatment groups (40 pens) received 

a common diet with 6% SDPP (PP6).   

After the 12 d phase 1 period, pigs were then fed phase 2 diets for 3 wk (Table 2).  

There were a total of 4 diets and 6 treatment groups.  Pigs fed PP0 in phase 1 were fed diets 

with or without mycotoxin (M) contamination (PP0/PP0 or PP0/PP0M) in phase 2.  Pigs in 

the 4 remaining treatment groups were those fed PP6 in phase 1, and they received either a 

diet with 0 % SDPP and no M (PP6/PP0), a diet with 0 % SDPP and M (PP6/PP0M), a diet 

with 3% SDPP and M (PP6/PP3M), or a diet with 6% SDPP and M (PP6/PP6M).  Mycotoxin 

contaminated diets were made using a corn naturally co-contaminated with AFB1 and FB1  
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which was blended with uncontaminated corn to reach targeted dietary levels of 180 µg/kg 

AFB1 and 9 mg/kg FB1.  Mycotoxin contamination levels were determined by collecting 

subsamples from the contaminated grain and each finished diet which were blended to form a 

final sample for analysis (Whitaker et al. 2005).  Mycotoxin concentration in the final diets 

was measured by the North Carolina Department of Agriculture and Consumer Services 

(Raleigh, NC) using ELISA followed by HPLC if measured concentrations were over 50 

µg/kg.  Final dietary concentrations of AFB1 averaged 230 µg/kg whereas the average FB1 

level was 8.99 mg/kg.  During the trial period, pigs were provided with feed and water ad-

libitum.  A protocol for the use of animals in this study was approved by the North Carolina 

State University Animal Care and Use committee. Body weights and feed intake were 

collected during phase 1 on d 0, 6, and 12, and during phase 2 on d 19, 26, and 33. 

Blood Sampling 

Blood samples (7 mL) were collected aseptically from the jugular vein from 1 pig per 

pen (median initial BW pig) at the end of phase 1 (d 12) and phase 2 (d 33).  Blood was 

collected in neutral vacutainer tubes (BD, Franklin Lakes, NJ) in order to collect serum.  

Serum samples were separated by centrifuging at 3,000 x g for 15 minutes at 4ºC.  Samples 

were either used immediately or stored at -80ºC until further analysis was completed.    

Serum samples were used to measure immune parameters, including immunoglobulin 

G (IgG) and the cytokine tumor necrosis factor alpha (TNFα) for phase 1 and 2.  The total 

concentration of IgG was measured via ELISA as described by the manufacturer (#E100-

102, Bethyl Laboratories, Montgomery, TX).  Serum samples were diluted 1:150,000 and  
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absorbance was read at 450 nm using a Synergy HT plate reader (BioTek Instruments, Inc., 

Winooski, VT) and Gen5 data analysis software (BioTek Instruments, Inc., Winooski, VT).  

Samples were quantified relative to a standard curve based on known amounts of porcine 

IgG.  The detection limit for this IgG ELISA was 7.8 to 500 ng/mL.  

 Plasma TNFα concentration was measured by ELISA following the manufacturer’s 

procedure (#PTA00, R&D Systems, Minneapolis, MN).  A total of 50 µL of standard, 

control, or sample were added to microplate wells coated with a monoclonal antibody for 

porcine TNFα.  Absorbance was read at 450 nm and 540 nm as described previously.  The 

detection limit range for the TNFα ELISA was 2.8 to 5.0 pg/mL.   

Oxidative stress parameters were also measured at the end of phase 2.  Damage to 

lipids was measured by quantification of malondaldehyde (MDA) and damage to DNA was 

measured by the breakdown metabolite 8-hydroxy-deoxyguanosine (8-OHdG).  Serum MDA 

was measured by TBARS assay and oxidative DNA damage by ELISA (#STA330 and 

#STA320, Cell Bio Labs, San Diego, CA).  The concentration of MDA in samples and 

standards was determined by adding samples to microcentrifuge tubes, followed by SDS 

lysis solution and thiobarbituric acid.  All tubes were incubated at 95°C for 50 minutes, and 

then placed on ice for 5 minutes to cool before being centrifuged at 3,000 rpm for 15 

minutes.  The supernatant was removed and absorbance read at 532 nm.  DNA damage was 

determined by analyzing samples and 8-OHdG standards in a 8-OHdG/BSA pre-coated 

microplate.  The 8-OHdG content in the samples is determined by comparison to the standard 

curve read at 450 nm.  The detection range for this ELISA is 100 pg/mL to 20 ng/mL. 
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Liver biochemical parameters were measured in serum collected at the end of phase 2 

(Antech Diagnostics, Cary, NC) for determination of liver function.  Concentrations of 

alanine aminotransferase, albumin, alkaline phosphatase, aspartate aminotransferase (AST), 

bilirubin, BUN to creatinine ratio (BUN:creatinine), calcium, chloride, cholesterol, 

creatinine, creatine phosphokinase (CPK), globulin, glucose, phosphorus, potassium, protein, 

sodium, sodium to potassium ratio, and urea nitrogen were determined by photometric 

chemistry system (Beckman Coulter AU5400, Brea, CA). 

Statistical Analysis 

Data were analyzed using the GLM procedure of SAS (SAS Inst., Inc., Cary, NC) 

following a randomized complete block design.  Pigs were blocked by initial BW.  Pen was 

considered as the experimental unit.  The overall model P-values were used to compare 

treatment means for phase 1, whereas contrast P-values were used to compare means in 

phase 2.  These contrasts were used to determine the effects of the mycotoxins, as well as the 

effects of feeding SDPP before or during AFB1 and FB1 contamination.  Probability values 

less than 0.05 were considered statistically significant and between 0.05 and 0.10 as trends. 

Results 

Growth Performance 

Initial BW of pigs did not differ between treatments, however pigs fed PP6 had 

increased BW on d 6 and 12 (Table 3).  Pigs fed PP6 had increased (P < 0.01) ADG and 

ADFI during d 0 to 6, 7 to 12, and 0 to 12.  Gain to feed was not different during the first 6 d 

of the trial.  This result occurred due to the fact that some pigs lost BW while others gained  
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weight which resulted in a high variation around the treatment means.  During d 7 to 12, the 

G:F of pigs fed PP6 was lower (P < 0.05) than pigs fed PP0.  However, for the overall phase 

1 period (d 0 to 12), pigs fed PP0 had lower (P < 0.05) G:F.  

During phase 2, growth of pigs not fed SDPP in phase 1 was affected by M (Table 4).  

Pigs fed PP0/PP0M had reduced (P < 0.05) BW compared with pigs fed PP0/PP0.  For these 

pigs, ADG was reduced (P < 0.01) during d 12 to 19, was not affected d 20 to 26, and tended 

(P = 0.057) to be reduced during d 27 to 33.  Over the entire phase 2 period, pigs fed 

PP0/PP0M had decreased (P < 0.05) ADG in contrast to pigs fed PP0/PP0.  Average daily 

feed intake was affected similarly where pigs fed PP0/PP0M had reduced ADFI during d 12 

to 19 (P < 0.05) and tended to have reduced ADFI over d 20 to 26 (P = 0.059) compared to 

pigs fed PP0/PP0.  There was no difference between these treatments for ADFI during the 

final wk, but over the entire phase 2 period pigs fed PP0/PP0M had reduced (P < 0.05) 

ADFI.  The G:F was not different between these treatments for the phase 2 period.   

In contrast, pigs fed PP6 in phase 1 were not affected by M in phase 2 (Table 4).  

There was no difference between PP6/PP0M and PP6/PP0 for BW or ADG for each wk of 

phase 2.  However, over the entire phase 2 period ADG tended (P = 0.074) to be lower in 

pigs fed PP6/PP0M.  The ADFI was not different between PP6/PP0M and PP6/PP0 during d 

12 to 19, tended (P = 0.062) to be reduced during d 20 to 26, but was not different during the 

final wk or the overall phase 2 period.  Finally, was not different between treatments for G:F.   

The addition of the SDPP in phase 2 diets did not provide added performance benefits 

when pigs simultaneously consumed M (Table 4).  In this case, the BW, ADG, ADFI, and  
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G:F did not differ between pigs fed PP6/PP3M and PP6/PP0M.  Pigs fed PP6/PP6M and 

PP6/PP0M did not differ in BW or ADG.  These treatments comparisons also did not differ 

in ADFI on d 12 to 19 or d 20 to 26, but pigs fed PP6/PP6M tended (P = 0.061) to have 

reduced ADFI during the final wk in contrast to PP6/PP0M.  There was no difference 

between these treatments for ADFI over the entire phase 2 period.  Pigs fed PP6/PP6M 

tended (P = 0.075) to have increased G:F on d 12 to 19 compared with pigs fed PP6/PP0M, 

did not differ for the other wk.  However, for entire phase 2 period, these pigs tended (P = 

0.067) to have increased G:F.   

When looking at phase 1 and 2 combined, pigs fed PP0/PP0M had reduced (P < 0.05) 

ADG and tended (P = 0.067) to have reduced ADFI in contrast to pigs fed PP0/PP0, but G:F 

was not affected (Table 4).  Pigs fed PP6/PP0M were not different from pigs fed PP6/PP0, 

PP6/PP3M, and PP6/PP6M for ADG and ADFI during phase 1 and 2 combined.  However, 

pigs fed PP6/PP6M tended (P = 0.090) to have increased G:F compared with pigs fed 

PP6/PP0M for the entire trial.  

Immune Parameters, Oxidative Stress, and Serum Biochemistry 

 Immune parameters, oxidative stress, and serum biochemistry were minimally 

affected by SDPP or mycotoxins.  During phase 1, IgG and TNFα were not different between 

treatments (Table 5).  The concentrations of IgG and MDA were not affected by the phase 2 

treatments (Table 6).  The concentration of serum TNFα and 8-OHdG were not different 

between pigs fed PP0/PP0 and PP0/PP0M, PP6/PP0 and PP6/PP0M, or PP6/PP0M and 

PP6/PP6M in phase 2.  However, pigs fed PP6/PP3M had reduced (P < 0.05) TNFα and  
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tended (P = 0.094) to have reduced 8-OHdG in contrast to pigs fed PP6/PP0M.  

 Serum biochemistry as a measure of liver function at the end of phase 2 was 

minimally affected by treatments (Table 7).  Pigs fed PP0/PP0M had increased (P < 0.05) 

serum cholesterol compared with PP0/PP0.  Pigs fed PP6/PP0M had lower (P < 0.05) AST 

and CPK in contrast to PP6/PP0.  Pigs fed PP6/PP3M had lower (P < 0.05) BUN:Creatinine 

and urea nitrogen compared with pigs fed PP6/PP0M.   

Discussion 

 Numerous studies have shown that SDPP enhances growth and feed intake of newly 

weaned pigs (Coffey and Cromwell, 1995; van Dijk et al., 2001).  In our study, SDPP also 

improved growth and feed intake after weaning and throughout the phase 1 period.  During 

this period, feeding 6 % SDPP resulted in a 41.8 % increase in ADG whereas ADFI was 

increased by 35.5 %.  Despite the improvement in performance, the measured immunological 

parameters were not affected by treatment.    

Together, these phase 1 results indicate that feeding SDPP to pigs after weaning was 

beneficial in improving growth and feed intake.  This improved performance may be due to a 

reduction in weaning stressors such as post-weaning diarrhea or the incidence of gut 

pathogens.  Previous research has shown that piglets fed SDPP after weaning required less 

treatment for gastrointestinal associated diseases than pigs not fed SDPP (van Dijk et al., 

2001).  Recent evidence shows that supplementation of diets with SDPP reduced diarrhea 

and intestinal barrier dysfunction in pigs associated with weaning stress (Peace et al., 2011).  

This is in agreement with past studies involving animal models associated with intestinal  
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Inflammation induced by enterotoxins (Moretó and Pérez-Bosque, 2009; Pérez-Bosque et al., 

2010).  Enterotoxin challenged animals fed a diet with SDPP had altered patterns of intestinal 

mucosa expression of Th1 and Th2 cytokines suggesting an overall reduction in pro-

inflammatory response and an increase in anti-inflammatory response at 6 h post-stimulation 

(Pérez-Bosque et al., 2010).  Thus, the addition of SDPP may play a role in minimizing stress 

through a reduction in inflammation.  

During phase 2, the results of our study show that feeding SDPP after weaning did 

not alter serum immune parameters measured at d 12 or d 33 possibly indicating that SDPP 

consumption or the weaning environment did not activate or suppress the immune system.  

Touchette et al. (2002) showed that pigs fed diet with SDPP at the same time as 

lipopolysaccharide (LPS) had an over stimulation of the immune system and had elevated 

serum cytokine levels over the 3 h period post LPS stimulation.  However, when SDPP was 

fed without LPS, the cytokines were not increased.  Thus, SDPP may have different effects 

depending on the type or degree of challenge.    

After feeding 0 or 6 % SDPP in phase 1, pigs were then fed AFB1 and FB1 in phase 2.  

When pigs did not consume SDPP in phase 1, the consumption of these mycotoxins reduced 

ADG by 15.0 % and ADFI by 13.6 %.  This reduction in growth performance was similar to 

previously published results for AFB1 and FB1 (Zomborszky-Kovács et al., 2002; Dersjant-Li 

et al., 2003; Chaytor et al., 2011b).  Feeding of the mycotoxins resulted in few health 

problems other than reduced growth performance.  The immune parameters IgG and TNF-α 

were not affected by AFB1 and FB1, nor were the measurements of oxidative stress.  Previous  
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research shows varied effects of mycotoxins on immunological parameters (van Heugten et 

al., 1994; Swamy et al., 2002; Goyarts et al., 2005; Chaytor et al., 2011b).  Some studies 

indicate an increase in immune parameters whereas others show no effect.  Biochemical 

parameters were also minimially affected.  Cholesterol level was the only liver biochemistry 

parameter altered in our study, where feeding AFB1 and FB1 increased serum cholesterol.  

Previous research also indicates that serum cholesterol is elevated by mycotoxins (Chaytor et 

al., 2001b).  It is speculated that elevated cholesterol may be due to altered liver function or 

liver damage.  Considering that liver samples were not collected in our study, the cause of 

elevated cholesterol cannot be fully determined. 

Due to the growth reduction by AFB1 and FB1, it is important to determine dietary 

methods to reduce mycotoxin effects.  The results of our study indicate a novel approach to 

minimizing the effect of mycotoxins on pigs through the use of SDPP.  In this case, feeding 6 

% SDPP prior to mycotoxin consumption minimized the effects of AFB1 and FB1 on the 

growth and feed intake of pigs.  Although there was no effect on the immune parameters 

when feeding PP6/PP0 or PP6/PP0M, pigs fed mycotoxins in phase 2 after SDPP 

consumption in phase 1 had a reduction in the liver enzymes AST and CPK.  It appears that 

feeding SDPP increased these parameters whereas consumption of AFB1 and FB1 decreased 

levels similar to the other treatments.         

It is interesting to note that the addition of SDPP to the diet during the mycotoxin 

challenge did not further improve pig performance.  Although there were minimal effects of 

the mycotoxins or SDPP on immune parameters, oxidative stress, or liver biochemistry in our  
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study, the addition of 3 % SDPP during mycotoxin consumption did cause some alterations.  

Serum TNF-α level was reduced in pigs fed PP6/PP3M compared to pigs fed PP6/PP0M, and 

DNA damage tended to be reduced.  Inflammation and resulting tissue damage are mediated 

by an increased production in pro-inflammatory cytokines such as TNF-α (Bosi et al., 2004).  

Due to the fact that these parameters were not altered by AFB1 and FB1, these effects may 

have been a response to the SDPP feeding during the challenge situation.  Previously, the 

addition of SDPP to the diets of pigs facing an E. coli challenge was shown to reduce TNF-α 

levels (Bosi et al., 2004).  However, other research indicated TNF-α will increase during a 

challenge (Touchette et al., 2002).  Thus, it is not clear what role SDPP has on this serum 

cytokine level.  It was also observed that BUN:creatinine and urea nitrogen concentrations 

were increased in pigs fed PP6/PP0M compared to pigs fed 3 % SDPP with the mycotoxins 

(PP6/PP3M).  Jiang et al. (2000) similarly observed a reduction in urea concentration in 

plasma of pigs consuming SDPP.  These authors suggested this response by SDPP was due to 

a suppression of amino acid catabolism at the intestinal lumen, in turn suppressing urea 

production.  Despite the responses observed by feeding 3 % SDPP, the same results were not 

seen in pigs fed 6 % SDPP during the mycotoxin challenge, and thus further research is 

needed to understand how SDPP concentration alters metabolic functions and mycotoxin 

interactions.   

Overall, it is concluded that the addition of SDPP to the diets of young pigs during 

the phase 1 period is beneficial for improving ADG and ADFI.  This response may have been 

due to a reduction in weaning stress or improvements in gut health.  The results of our study  
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also indicate that feeding 6 % SDPP in phase 1 reduced the impact of AFB1 and FB1 on 

growth performance in phase 2.  The addition of SDPP at 3 and 6 % during mycotoxin 

consumption did not further improve pig performance.  Thus, health conditions prior to AFB1 

and FB1 ingestion may be more important than those during mycotoxin consumption.  

Further research is needed to fully determine how SDPP protects pigs from AFB1 and FB1, 

and if gut health plays a role.  Overall, to our knowledge this is the first data that indicate that 

SDPP may be a feedstuff that can reduce the effects of AFB1 and FB1 in young pigs.  
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Table 1. Composition of phase 1 diets fed to nursery pigs.  
Treatment1 

Ingredient, % PP0 PP6 
Corn grain 40.00 40.00 
DairyLac 80 20.00 20.00 
SBM w/o hulls 23.22 27.00 
Plasma protein 0.00 6.00 
Fish meal, menhaden 4.00 4.00 
Soy protein concentrate (Soycomil-P) 10.00 0.00 
L-Lys HCl 0.14 0.00 
DL-Met 0.13 0.05 
L-Thr 0.06 0.00 
Salt 0.22 0.22 
Vitamin premix2 0.03 0.03 
Trace mineral premix2 0.15 0.15 
Dicalcium phosphate, 18.5% 1.05 1.10 
Limestone 0.50 0.50 
Poultry fat 0.50 0.95 
Calculated Composition  
ME, Mcal/kg 3,421 3,416 
TID Lys, % 1.42 1.42 
TID Met+Cys, % 0.81 0.81 
TID Trp, % 0.26 0.29 
TID Thr, % 0.89 0.92 
Lactose, % 16.00 16.00 
Ca, % 0.90 0.90 
aP, % 0.55 0.55 
Analyzed Composition  
DM, % 92.23 92.27 
CP, % 23.62 22.78 

1 PP0: diet with 0 % SDPP; PP6: diet with 6% SDPP. 
2 The vitamin premix provided the following per kilogram of complete diet: 6613.8 

IU of vitamin A as vitamin A acetate; 992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg 
of vitamin K as menadione sodium bisulfate; 0.03 mg of vitamin B12; 4.63 mg of riboflavin; 
18.52 mg of D-pantothenic acid as calcium panthonate; 24.96 mg of niacin; 0.07 mg of 
biotin.  The trace mineral premix provided the following per kilogram of complete diet: 4.0 
mg of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 165 mg of Zn as zinc 
sulfate; 16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 
0.30 mg of Se as sodium selenite.
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Table 2. Composition of phase 2 diets fed to nursery pigs.  
Treatment1 

PP0/PP0 PP0/PP0M PP6/PP0 PP6/PP0M PP6/PP3M PP6/PP6M 
Ingredient, %     
Corn grain 57.12 46.12 57.12 46.12 46.12 46.12 
Corn grain with AFB1 and FB1 0.0 11.0 0.0 11.0 11.0 11.0 
DairyLac 80 10.00 10.00 10.00 10.00 10.00 10.00 
SBM w/o hulls 19.30 19.30 19.30 19.30 21.15 23.00 
Plasma Protein 0.00 0.00 0.00 0.00 3.00 6.00 
Soycomil P 10.00 10.00 10.00 10.00 5.00 0.00 
L-Lys HCl 0.32 0.32 0.32 0.32 0.25 0.18 
DL-Met 0.18 0.18 0.18 0.18 0.14 0.10 
L-Thr 0.15 0.15 0.15 0.15 0.09 0.05 
L-Trp 0.03 0.03 0.03 0.03 0.02 0.00 
Salt 0.22 0.22 0.22 0.22 0.22 0.22 
Vitamin premix2 0.03 0.03 0.03 0.03 0.03 0.03 
Trace mineral premix2 0.15 0.15 0.15 0.15 0.15 0.15 
Dicalcium phosphate 1.35 1.35 1.35 1.35 1.35 1.35 
Limestone 0.75 0.75 0.75 0.75 0.78 0.80 
Poultry fat 0.40 0.40 0.40 0.40 0.70 1.00 
Calculated Composition     
ME, Mcal/kg 3,401 3,401 3,401 3,401 3,402 3,403 
CP, % 21.33 21.33 21.33 21.33 21.15 20.98 
TID Lys, % 1.30 1.30 1.30 1.30 1.30 1.30 
TID Met+Cys, % 0.78 0.78 0.78 0.78 0.78 0.78 
TID Trp, % 0.25 0.25 0.25 0.25 0.25 0.25 
TID Thr, % 0.86 0.86 0.86 0.86 0.85 0.85 
Lactose, % 8.00 8.00 8.00 8.00 8.00 8.00 
Ca, % 0.81 0.81 0.81 0.81 0.81 0.81 
AP, % 0.40 0.40 0.40 0.40 0.40 0.40 
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Table 2. Continued.  
 

Treatment1 
PP0/PP0 PP0/PP0M PP6/PP0 PP6/PP0M PP6/PP3M PP6/PP6M 

Analyzed Composition3     
Aflatoxin, µg/kg    ND4 223 ND 223 228 246 
Fumonisin, mg/kg ND 8.72 ND 8.72 8.91 9.62 
DM, % 91.52 91.81 91.52 91.81 91.54 91.67 
CP, % 20.38 20.48 20.38 20.48 20.18 19.69 

1 PP0/PP0: 0 % SDPP in phase 1 or 2; PP0/PP0M: 0 % SDPP in phase 1 or 2, with mycotoxins in phase 2; PP6/PP0: 6% 
SDPP in phase 1 followed by 0 % SDPP and no mycotoxins in phase 2; PP6/PP0M: 6% SDPP in phase 1 followed by 0 % SDPP 
with mycotoxins in phase 2; PP6/PP3M: 6% SDPP in phase 1, and 3% SDPP and mycotoxins in phase 2; PP6/PP6M: 6% SDPP in 
phase 1, and 6% SDPP and mycotoxins in phase 2.  

2 The vitamin premix provided the following per kilogram of complete diet: 6,613.8 IU of vitamin A as vitamin A acetate; 
992.0 IU of vitamin D3; 19.8 IU of vitamin E; 2.64 mg of vitamin K as menadione sodium bisulfate; 0.03 mg of vitamin B12; 4.63 
mg of riboflavin; 18.52 mg of D-pantothenic acid as calcium panthonate; 24.96 mg of niacin; 0.07 mg of biotin.  The trace mineral 
premix provided the following per kilogram of complete diet: 4.0 mg of Mn as manganous oxide; 165 mg of Fe as ferrous sulfate; 
165 mg of Zn as zinc sulfate; 16.5 mg of Cu as copper sulfate; 0.30 mg of I as ethylenediamine dihydroiodide; and 0.30 mg of Se 
as sodium selenite 

3 Diets analyzed by the North Carolina Department of Agriculture and Consumer Services, Raleigh, NC 
4 ND: not detectible 
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Table 3. Growth performance of pigs fed phase 1 nursery diets with or without spray dried 
plasma protein (SDPP).  

1 PP0: diet with 0 % SDPP; PP6: diet with 6% SDPP. 

 Treatment1   
 PP0 PP6 SEM P-value
Body weight, kg     
   D 0 6.84 6.83 0.01 0.944
   D 6 7.27 7.86 0.11 0.001
   D 12 8.96 9.85 0.16 < 0.001
Average daily gain, g/d    
   D 0-6 73 171 18 < 0.001
   D 7-12 281 332 13 0.008
   D 0-12 177 251 13 < 0.001
Average daily feed intake, g/d    
   D 0-6 112 163 12 0.006
   D 7-12 316 416 16 < 0.001
   D 0-12 214 290 13 < 0.001
Gain:Feed    
   D 0-6 -0.007 0.697 0.310 0.120
   D 7-12 0.898 0.812 0.027 0.029
   D 0-12 0.784 0.860 0.026 0.046
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Table 4. Growth performance of pigs fed phase 2 nursery diets with or without spray dried plasma protein (SDPP) or mycotoxins 
after feeding a phase 1 diets with or without SDPP. 

 Treatment1  Contrast P-values 
 PP0/ 

PP0 
PP0/ 

PP0M 
PP6/ 
PP0 

PP6/ 
PP0M 

PP6/ 
PP3M 

PP6/ 
PP6M SEM 

PP0/PP0 
vs 

PP0/PP0M 

PP6/PP0 
vs. 

PP6/PP0M 

PP6/PP0M 
vs. 

PP6/PP3M 

PP6/PP0M 
vs. 

PP6/PP6M 
Body weight, kg            
   D 12 9.2 8.8 9.9 9.9 10.0 9.7 0.3 0.303 0.987 0.902 0.490 
   D 19 12.7 11.8 13.2 12.9 13.2 12.9 0.4 0.042 0.543 0.506 0.905 
   D 26 16.6 15.2 17.1 16.3 16.5 16.1 0.5 0.036 0.224 0.706 0.800 
   D 33 20.7 18.8 21.0 20.1 20.3 19.7 0.6 0.015 0.247 0.772 0.576 
Average daily gain, g/d            
   D 12 - 19 511 428 473 432 471 462 19 0.002 0.105 0.137 0.244 
   D 20 - 26 545 485 555 482 472 466 31 0.185 0.108 0.823 0.715 
   D 27 - 33 595 521 555 541 538 504 27 0.057 0.727 0.929 0.331 
   D 12 - 33 550 478 528 485 494 477 20 0.004 0.074 0.718 0.727 
   D 0 - 33 421 363 429 402 409 389 16 0.015 0.255 0.771 0.552 
Average daily feed intake g/d            
   D 12 - 19 581 497 576 564 596 542 25 0.021 0.747 0.368 0.530 
   D 20 - 26 818 711 855 749 748 720 39 0.059 0.062 0.983 0.600 
   D 27 - 33 828 752 802 773 758 690 34 0.123 0.561 0.753 0.061 
   D 12 - 33 742 653 744 696 700 651 26 0.021 0.198 0.896 0.234 
   D 0 - 33 535 474 564 535 541 499 23 0.067 0.365 0.854 0.274 
Gain:Feed            
   D 12 - 19 0.891 0.861 0.828 0.775 0.795 0.863 0.034 0.531 0.281 0.677 0.075 
   D 20 - 26 0.662 0.684 0.646 0.639 0.625 0.678 0.030 0.600 0.855 0.747 0.357 
   D 27 - 33 0.718 0.691 0.724 0.699 0.704 0.735 0.034 0.575 0.607 0.918 0.466 
   D 12 - 33 0.742 0.729 0.712 0.699 0.705 0.743 0.016 0.582 0.588 0.813 0.067 
   D 0 - 33 0.786 0.763 0.761 0.753 0.756 0.788 0.014 0.264 0.707 0.905 0.090 

1 PP0/PP0: 0 % SDPP in phase 1 or 2; PP0/PP0M: 0 % SDPP in phase 1 or 2, with mycotoxins in phase 2; PP6/PP0: 6% SDPP in phase 1 followed 
by 0 % SDPP and no mycotoxins in phase 2; PP6/PP0M: 6% SDPP in phase 1 followed by 0 % SDPP with mycotoxins in phase 2; PP6/PP3M: 6% SDPP in 
phase 1, and 3% SDPP and mycotoxins in phase 2; PP6/PP6M: 6% SDPP in phase 1, and 6% SDPP and mycotoxins in phase 2.  
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Table 5. Serum immunological parameters of pigs fed phase 1 nursery diets with or without spray dried plasma protein (SDPP).  
 
 
 
 
 

1 PP0: diet with 0 % SDPP; PP6: diet with 6% SDPP. 
 2 IgG: immunoglobulin G; TNF-α: tumor necrosis factor alpha. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Treatment1   
 PP0 PP6 SEM P-value 
IgG, ng/mL2 41.32 37.33 5.92 0.619 
TNF-α, pg/mL2 125.21 102.89 9.55 0.111 
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Table 6. Serum immunological parameters of pigs fed nursery diets with or without spray dried plasma protein (SDPP) or 
mycotoxins after feeding a phase 1 diets with or without SDPP. 

 Treatment1  Contrast P-values 
 PP0/ 

PP0 
PP0/ 

PP0M 
PP6/ 
PP0 

PP6/ 
PP0M 

PP6/ 
PP3M 

PP6/ 
PP6M SEM 

PP0/PP0  
vs 

PP0/PP0M 

PP6/PP0 
vs. 

PP6/PP0M 

PP6/PP0M 
vs. 

PP6/PP3M 

PP6/PP0M 
vs. 

PP6/PP6M 
Immunological 
parameters2            

   IgG, ng/mL 20.60 29.88 41.07 37.88 35.76 37.29 4.85 0.213 0.608 0.742 0.934 
   TNF-α, pg/mL 121.57 103.61 115.42 134.27 96.57 118.96 9.15 0.172 0.152 0.006 0.243 
Oxidative stress 
parameters2            

   MDA, µM 6.00 6.48 6.44 6.46 6.19 6.50 0.69 0.630 0.981 0.777 0.971 
   8-OHdG, ng/mL 1.98 1.75 1.76 2.06 1.48 1.79 0.24 0.498 0.376 0.094 0.423 

1 PP0/PP0: 0 % SDPP in phase 1 or 2; PP0/PP0M: 0 % SDPP in phase 1 or 2, with mycotoxins in phase 2; PP6/PP0: 6% 
SDPP in phase 1 followed by 0 % SDPP and no mycotoxins in phase 2; PP6/PP0M: 6% SDPP in phase 1 followed by 0 % SDPP 
with mycotoxins in phase 2; PP6/PP3M: 6% SDPP in phase 1, and 3% SDPP and mycotoxins in phase 2; PP6/PP6M: 6% SDPP in 
phase 1, and 6% SDPP and mycotoxins in phase 2. 
  2 IgG: immunoglobulin G; TNFα: tumor necrosis factor alpha; MDA: malondialdehyde; 8-OHdG: 8-hydroxy-
deoxyguanosine. 
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Table 7. Serum biochemistry of pigs fed nursery diets with or without spray dried plasma protein (SDPP) or mycotoxins after 
feeding a phase 1 diets with or without SDPP. 

 Treatment1  Contrast P-values 
 PP0/ 

PP0 
PP0/ 

PP0M 
PP6/ 
PP0 

PP6/ 
PP0M 

PP6/ 
PP3M 

PP6/ 
PP6M SEM 

PP0/PP0  
vs 

PP0/PP0M 

PP6/PP0 
vs. 

PP6/PP0M 

PP6/PP0M 
vs. 

PP6/PP3M 

PP6/PP0M 
vs 

PP6/PP6M 
Albumin 3.19 3.35 3.36 3.40 3.31 3.52 0.10 0.267 0.779 0.528 0.401 
Albu:Glob2 1.90 1.97 1.94 1.91 1.94 2.00 0.11 0.655 0.841 0.841 0.548 
Alk Phos2 283.3 283.1 285.1 298.7 268.9 299.6 21.8 0.995 0.658 0.334 0.977 
ALT2 27.28 27.80 27.20 27.50 26.20 31.80 2.05 0.861 0.917 0.652 0.141 
AST2 42.60 47.40 54.80 41.00 45.70 45.30 4.35 0.449 0.028 0.444 0.484 
Bilirubin 0.10 0.10 0.10 0.10 0.10 0.10 0.00 - - - - 
BUN:Creat2 13.88 13.50 12.90 13.20 10.90 12.00 0.70 0.710 0.760 0.023 0.226 
Calcium 10.81 10.96 10.72 11.01 10.68 10.83 0.16 0.522 0.194 0.140 0.417 
Chloride 101.5 100.5 101.6 101.1 102.1 102.0 0.7 0.368 0.627 0.333 0.383 
Cholesterol 51.67 63.30 62.00 61.30 58.20 55.80 3.24 0.014 0.875 0.488 0.221 
CPK2 948.1 758.7 1,362.3 661.0 720.7 800.4 224.1 0.480 0.025 0.845 0.647 
Creatinine 0.78 0.78 0.83 0.88 0.84 0.88 0.03 0.950 0.185 0.288 1.000 
Globulin 1.74 1.72 1.80 1.80 1.76 1.77 0.08 0.885 1.000 0.721 0.789 
Glucose 84.88 90.70 86.70 93.00 89.70 87.20 4.48 0.374 0.320 0.601 0.360 
Na:K2 18.24 19.10 18.90 18.60 19.30 19.30 0.52 0.259 0.682 0.341 0.341 
Phosphorus 12.29 12.33 12.32 12.38 11.93 12.50 0.26 0.906 0.870 0.224 0.744 
Potassium 7.82 7.51 7.64 7.82 7.58 7.53 0.22 0.324 0.556 0.434 0.345 
Protein 4.92 5.07 5.16 5.20 5.07 5.29 0.11 0.384 0.807 0.428 0.582 
Sodium 142.8 143.2 142.6 144.0 143.5 144.5 0.71 0.734 0.167 0.618 0.618 
Urea N2 10.79 10.40 10.70 11.70 9.10 10.50 0.63 0.672 0.267 0.005 0.184 

1 PP0/PP0: 0 % SDPP in phase 1 or 2; PP0/PP0M: 0 % SDPP in phase 1 or 2, with mycotoxins in phase 2; PP6/PP0: 6% SDPP in phase 1 followed 
by 0 % SDPP and no mycotoxins in phase 2; PP6/PP0M: 6% SDPP in phase 1 followed by 0 % SDPP with mycotoxins in phase 2; PP6/PP3M: 6% SDPP in 
phase 1, and 3% SDPP and mycotoxins in phase 2; PP6/PP6M: 6% SDPP in phase 1, and 6% SDPP and mycotoxins in phase 2. 
 2 Albu:Glob: albumin to globulin ratio; Alk phos: alkaline phosphatase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; 
BUN:Creat: BUN to creatinine ratio: CPK: creatine phosphokinase; Na:K: sodium to potassium ratio; Urea N: urea nitrogen. 
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CHAPTER 7 

 

PREDICTION OF THE IMPACT OF A COMBINATION OF AFLATOXIN, 

DEOXYNIVALENOL, AND FUMONISIN FROM NATURALLY CONTAMINATED 

GRAINS ON PIG GROWTH AND HEALTH 
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Abstract 

 Mycotoxins play a significant role in animal agriculture through their negative effects 

on growth and health.  The swine industry is greatly influenced by mycotoxins as pigs are 

highly sensitivity.  This study evaluated how low to moderate concentrations of the 

mycotoxins aflatoxin (AF), deoxynivalenol (DON), and fumonisin (FUM) in combination 

affect the growth performance and health of pigs.  Data were collected and combined from 7 

research trials studying mycotoxin effects on pigs that consumed naturally contaminated 

grains.  The effects of different mycotoxin levels on performance and health parameters of 

pigs were calculated based on the percent change between pigs fed an uncontaminated diet 

and those fed mycotoxins.  Indicator variables for performance included ADG, ADFI, and 

G:F, whereas health parameters included concentrations of tumor necrosis factor alpha (TNF-

α), cholesterol, malondialdehyde (MDA), and 8-hydroxy-deoxyguanosine (8-OHdG).  Using 

a mixed linear model, this data provided information on the effects of mycotoxins on pigs 

and made it possible to develop models to represent these effects.  For ADG and ADFI, it 

was determined that as each of the mycotoxins, as well as the interaction of AF and DON, 

were significantly (P < 0.05) related to a reduction in ADG.  By feeding of a range of 

concentrations of these mycotoxins, ADG was reduced by 6.9 to 24.0 % and there was a 

wide range of 1.8 to 30.4 % reduction in ADFI due to the varying mycotoxin concentrations.  

The G:F was generally reduced (P < 0.05) by AF, DON, and their interaction.  Health 

parameters were also altered by the mycotoxins.  The production of TNF-α was increased by 

as much as 40.4 % (P < 0.05) when pigs consumed DON only.  This mycotoxin as was also  
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related to changed in the concentration of 8-OHdG.  In contrast, cholesterol and MDA were 

affected (P < 0.05) by AF, FUM, and the interaction of AF and DON.  As a result of 

consumption of these mycotoxins, cholesterol was reduced and MDA was increased.  

Overall, this study shows that AF, DON, and FUM have a strong impact on pig performance 

and health.  Together, these mycotoxins can also influence pigs as indicated by an interaction 

response between AF and DON although this interaction appeared to be minimal at these 

lower mycotoxin concentrations.  Together, these results can provide predictions on how 

mycotoxins will impact pig growth and health.                     

 

Keywords: aflatoxin, deoxynivalenol, fumonisin, health, performance, pigs 
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Introduction 

 Mycotoxins, toxic metabolites produced by fungi, can contaminate agricultural crops 

worldwide (Chaytor et al., 2011a).  Hundreds of mycotoxins exist, but the major mycotoxins 

that frequently impact the animal industries include aflatoxin (AF), deoxynivalenol (DON), 

and fumonisin (FUM) (Dersjant-Li et al., 2003).  The consumption of mycotoxins by animals 

can result in many detrimental effects on growth and health.  These effects include reduced 

growth performance and feed intake, immune suppression, oxidative stress, tissue damage, 

and cancer (Shier, 2000; Goyarts et al., 2005; Chaytor et al., 2011a).  These effects are 

especially notable on simple stomached animals such as pigs.    

 Despite the known effects of each individual mycotoxin on animal growth and health, 

little is known as to the extent of effects on animals when these mycotoxins co-contaminate 

feeds.  Co-contamination is likely in feeds considering similarities in the fungi producing 

these mycotoxins and their preferred crops, as well as crop mixing during the feed 

manufacturing process (Chamberlain et al., 1993).  Miazzo et al. (2005) indicated that the 

consumption of AF and FUM together have a synergistic effect on reducing performance of 

poultry.  Therefore, the current study aims to determine the impact of AF, DON, and FUM, 

alone and in combination, on the growth and health of pigs.      

Methodology 

Data Collection 

Results from 7 research trials were used for this analysis which provided 9 different 

concentrations for each of the mycotoxins AF, DON, and FUM (Table 1).  Mycotoxins in all  
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experiments were from naturally contaminated grains.  Mycotoxin contaminations were 

measured via HPLC by the North Dakota State University Veterinary Diagnostic Lab (Fargo, 

ND).  Contamination of the diet with AF and FUM was obtained through the addition of a 

single grain source, whereas contamination with DON occurred by the addition of a 

secondary grain.    

Data were obtained from studies conducted by the authors, and included growth and 

health parameters.  The effects on these indicators were determined in relation to mycotoxin 

intake by pigs.  Although age of pigs and feeding durations were fairly similar between trials, 

experimental differences may have occurred.  To compare the mycotoxin effects on pigs 

under the varying experimental conditions, differences between the animals fed the 

mycotoxin contaminated and control diets were calculated.  The relationship between 

mycotoxin concentration and the measured parameter were determined by analyzing data 

from the individual studies.  Replicates within each experiment were considered the 

experimental unit and there were a total of 82 observations. 

Indicators of Performance and Health 

The overall trial ADG, ADFI, and G:F for each replicate from each study were used 

for comparison between treatments.  To determine the effects of mycotoxins, the difference 

observed between the mycotoxin fed animals and the animals fed an uncontaminated diet 

were calculated.  Thus, the growth and feed intake response variables were expressed as the 

percent change in the measured parameter due to the mycotoxins.  A positive percent change 

indicates that the mycotoxins increased a performance parameter, whereas a negative change  
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indicates that the mycotoxins reduced performance.     

Health parameters were similarly calculated and expressed.  Therefore, these percent 

differences between feeding groups were used for analysis.  Measurements of health included 

in this review were the blood concentration of the cytokine tumor necrosis factor alpha 

(TNF-α) as a measure of systemic inflammation, concentration of serum cholesterol as an 

indicator of liver damage, malondaldehyde (MDA) as a measure of lipid peroxidation, and 8-

hydroxy-deoxyguanosine (8-OHdG) to indicate DNA damage.                          

Statistical Analysis   

The mixed model procedure in SAS (SAS Institute, Cary, NC) was used to fit a 

model with mycotoxins as the dependent variable and change in pig performance and health 

parameters as the independent/explanatory variables. The main effects for AF, DON, FUM, 

and the interaction between AF and DON (AF*DON) were tested.  The interaction between 

AF and FUM were not included due to the possibility of confounding effects as a result of 

AF and FUM contamination deriving from an identical corn source.  Experiment was 

considered a random effect and the estimate of the variance among experiments was 

calculated, apart from the residual variance that measures all unaccounted random variation 

among observations.  For this statistical analysis, we first manually fitted a parsimonious 

model using a backward, stepwise procedure with as the inclusion criteria.  In the final 

models all independent variables had P < 0.10.  Differences were considered significant if P 

< 0.05, and tendencies at 0.05 ≤ P < 0.10.  For the final model, the Proc CORR procedure 

was used to determine correlatation coefficients.    
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Results 

Performance 

Pig ADG was significantly affected by consumption of the mycotoxins.  In all Exp., 

ADG was reduced by consumption of the mycotoxins.  Over all the studies, the percent 

change in ADG (ChADG) was observed to range from -7.17 to -24.03, indicating that the 

consumption of the mycotoxins reduced gain by a minimum of 7.17% (Table 2).  Based on 

statistical analysis, each of the mycotoxins, as well as the interaction between AF and DON 

(AF*DON) had a significant relationship (P < 0.05) with the ChADG (Table 3).  Using the 

parameter estimates, the full model for the effects of the 3 mycotoxins on ChADG can be 

determined with P = 0.029, R2 = 0.129, and where i = 1,2,…82.  It is observed that AF and 

DON have negative slope estimates, whereas FUM and AF*DON have positive estimates in 

this equation. Graphs of mycotoxin interactions with ADFI are shown in Figure 1.   

 The percent change in ADFI (ChADFI) was also altered by feeding of the 

mycotoxins.  Similar to ADG, the ADFI was reduced in all Exp. (Table 2).  For these data, 

the ADFI ranged from a -1.79% reduction in Exp. 6, to a reduction of -30.38% in Exp. 3.  

Statistical analysis indicated that each of the 3 mycotoxins had a significant (P < 0.05) effect 

on ADFI (Table 3).  The interaction between AF and DON was also significant (P < 0.001).    

The model for the significant influence of mycotoxins on ChADFI can be determined with P 

< 0.001, R2 = 0.301, and where i = 1,2,…82.  Similar to ChADG, the slope estimates for AF 

and DON were again negative, and the estimates for FUM and AF*DON positive.  Graphs of 

mycotoxin interactions with ChADFI are shown in Figure 2. 
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 The percent change in gain to feed ratio (ChGF) was also altered by the mycotoxins.  

In this case however, this ratio showed varying effects where it was reduced in all of the 

experiments except one (Table 2).  The greatest reduction in G:F occurred in Exp. 3 at -

9.08%.  An opposite effect was observed in Exp. 7, where the G:F ratio was increased by 

3.10%.  Significant effects (P < 0.01) were observed for the addition of AF, DON, and their 

interaction (Table 3).  The effect of FUM on G:F was not significant.  The final fitted model 

for the mycotoxin effect on ChGF was significant at P < 0.001, with R2 = 0.248, and where i 

= 1,2,…82.  Graphs of mycotoxin interaction with ChGF are shown in Figure 3.           

Heath Parameters 

 The percent change in each of the measured health parameters varied between 

experiments (Table 4).  Analyzing the influence of the mycotoxins on the percent change of 

the cytokine TNF-α (ChTNFα), it was found that only DON had a significant relationship (P 

< 0.05) with this immune parameter (Table 5).  The final model is can be determined, with P 

= 0.019, R2 = 0.067, and with i = 1,2,…82.  This effect is shown in Figure 4.  Cholesterol 

levels were generally increased by the mycotoxins as indicated by the percent change 

(ChChol).  Aflatoxin, FUM, and AF*DON had a highly significant (P < 0.01) influence 

(Table 4).  The effect for DON was not significant.  The parameter estimates can be used to 

determine the final model, with P < 0.001, R2 = 0.466, and with i = 1,2,…61. The effects of 

these mycotoxins are shown in Figure 5.  

The parameters measured as indicators of oxidative stress, MDA and 8-OHdG, were 

generally increased by the mycotoxins.  The occurrence of lipid peroxidation, as measured by  
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the percent change in MDA (ChMDA) was affected similarily to ChChol, where AF, FUM, 

and AF*DON were significantly related to MDA levels but DON was not (Table 5).  The 

final model for ChMDA can be determined based on the parameter estimates, with P = 0.008, 

R2 = 0.161, and i = 1,2,…54.  On the other hand, the occurrence of DNA damage as 

measured by the change in 8-OHdG (Ch8OHdG) was significantly (P < 0.05) affected only 

by DON (Table 5).  The final model for Ch8OHdG can be determined based on the 

parameter estimates, with P = 0.037, R2 = 0.081, and i = 1,2,…54.  The effect of these 

mycotoxins on ChMDA and Ch8OHdG are shown in Figures 6 and 7.   

Discussion 

Aflatoxin, FUM, and DON are 3 of the most common and toxic mycotoxins that 

impact agriculture (Chaytor et al., 2011a).  Aflatoxins are a group of common mycotoxins 

that can contaminate many crops and are produced by species of Aspergillus. Forms of AF 

include aflatoxin B1 (AFB1), B2, G1, G2, and the hydroxylated metabolites of M1 and M2.  

Of these, AFB1 is considered to be the most common and highly toxic form (Mclean and 

Dutton, 1995; Dersjant-Li et al., 2003).  Consumption of AFB1 can cause reduced growth 

performance, immune suppression, oxidative stress, tissue damage, and cancer (IRAC, 2002; 

Chaytor et al., 2011a).  Deoxynivalenol, produced by species of the Fusarium fungi, is a 

major contaminant of grains including corn, wheat, and barley.  The most notable effect of 

DON on animals is a reduction in feed intake, which may in turn reduce growth and alter 

health (Goyarts et al., 2005).  Deoxynivalenol is observed to cause vomiting when consumed 

at high levels, and can also act directly on tissues to alter DNA and protein synthesis (Shifrin  
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and Anderson, 1999).  Other species of Fusarium fungi can produce FUM.  The prominent 

form of FUM is fumonisin B1 (FB1), which is detected primarily in corn (Dersjant-Li et al., 

2003).  Fumonisin B1 consumption can result in damages to several organs in many species, 

and is also shown to reduce growth performance in pigs and chickens (Shier, 2000; Dilkin et 

al., 2003).  

The swine industry is greatly affected by these mycotoxins, since pigs are one of the 

more sensitive species.  This sensitivity results from unique differences in absorption, 

metabolism, and excretion of mycotoxins in pigs versus other species (Eaton and Gallagher, 

1994).  Consumption may result in reduced performance, and effects on the immune system 

and organ health.  However, when these mycotoxins are combined, the effects on animals 

may be greater (Kouadio et al., 2005).  Thus, it is important to investigate how these 

mycotoxins influence the performance and health of pigs, and what affects they contaminate 

feeds together.   

In order to understand the effects of these mycotoxins on the performance and health 

of pigs, it must be considered that this data was collected from studies using grains naturally 

contaminated with mycotoxins.  As a result, limited information was available for 

determining effects of individual mycotoxins on pigs.  Due to the designs of our available 

studies, the effects of the mycotoxins and their interactions on pig performance and health 

were discussed.  However, due to the fact that grains were naturally contaminated, AF and 

FUM were supplied together in a single grain source.  As a result, the individual effects of 

these 2 mycotoxins can not be distinguished.  Additionally, when AF and FUM were at very  

 



188 
 

low concentrations (as in Exp. 3 and 6) DON simultaneously contaminated the diets at high 

levels.  This effect may have altered the intercepts and slopes of the models indicating a 

positive or negative impact on performance and health at assumed concentration of 0 µg/kg 

mycotoxins.  Despite these effects of natural contamination, our study does provide novel 

and valuable information on the effects of mycotoxin interactions on pigs, and provides some 

knowledge as to how co-contamination of these mycotoxins at low to moderate 

concentrations influences pigs.  Previous review has analyzed the impact of these 3 

mycotoxins individually on the growth performance and feed intake of pigs and poultry 

(Dersjant-Li et al., 2003).  However, in this previous work, the impacts of mycotoxin co-

contamination on pigs were not discussed, nor were the effects of these mycotoxins on health 

parameters.    

Over the range of Exp., ADG was reduced by 6.93 to 24.03 %, whereas ADFI was 

reduced by 1.79 to 15.46 %.  Similar results for reductions in ADG and ADFI were observed 

by Dersjant-Li et al. (2003) at comparable mycotoxin concentrations.  Together, these results 

show that AF, DON, and FUM can significantly affect the performance of pigs, and the 

interaction of AF and DON plays a role in this performance reduction.  From our analysis, it 

was observed that AF, DON, FUM, and AF*DON were all significantly related to the 

changes in ADG and ADFI.  Based on the fitted regression model for the percent change in 

ADG provided in Equation 1, the reduction in ADG can be estimated at various mycotoxin 

levels.  For example, at lower mycotoxin concentrations of 100 µg/kg AF, 1,000 µg/kg, and 

500 µg/kg FUM, the ChADG would be caluculated at -9.6%.  However, if mycotoxin  
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contrations were increased to moderate contamination levels of 200 µg/kg AF, 3,000 µg/kg 

DON, and 5,000 µg/kg FUM, the ChADG is now -5.0%.  In this case, it is observed that less 

of a reduction in ADG is observed at increased mycotoxin levels.  This effect may be a result 

of the confounding effects of AF and FUM. If FUM contamination is not considered 

however, i.e. set to 0 µg/kg, then this equation appears to have a more practicle application 

where ADG is altered by -10.8% at lower concentrations of mycotoxins and redueced by 

16.7% at moderate AF and DON levels.  Previous research has indicated that AF and DON at 

low to moderate concentrations have harmful effects on pigs (Rotter et al., 1994; Chaytor et 

al., 2011b).  However, FUM alone at lower levels between 1 to 10 mg/kg does not appear to 

be problematic for these animals (Zomborszky-Kovács et al., 2002; Dilkin et al., 2003).  In 

these previous studies, it was at a higher level of 30 mg/kg FUM where researchers observed 

reductions in pig performance due to FUM.  As a result, it may be plausible to not consider 

FUM in the models of our current analysis due to the fact that all analyzed levels of this 

mycotoxin were below 10 mg/kg.  Using the equations for ChADFI and ChG:F, similar 

methodology can be followed to gain predictions for the mycotoxin effects on these 

performance parameters.             

 The measured health parameters were also affected by the mycotoxins.  The cytokine 

TNF-α belongs to a group of pro-inflammatory cytokines, and plays a role in tissue 

macrophage control and inflammatory responses (Wood, 2006).  When TNF-α in increased, 

this can indicate that the body is undergoing a systemic inflammatory response which may be 

due to the consumption of the mycotoxins.  In our analysis, it was determined that only DON  
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was significantly associated with changes in TNF-α.  Based on the regression equation, a 

concentration of 3,000 µg/kg would increase the production of TNF-α by 13.62 %.  

However, a concentration of only 1,000 µg/kg may actually reduce TNF-α by 0.21 %.  As a 

result, this data could suggest that DON may be a stimulator or suppressor of cytokine 

production depending on the contamination level.  Previous research has indicated that 

mycotoxins can alter cytokine expression rates, including AF (Meissonnier et al., 2008).  

However, these researchers observed these changes at a AF level of 1,807 µg/kg, but not at 

concentrations 385 to 867 µg/kg.  Aflatoxin contamination reached a maximum of 223 µg/kg 

in our study, and effects of this mycotoxin on TNF-α were also not observed.  Thus, the 

effect of AF on this cytokine may be based on a dose response, altering TNF-α only at high 

levels.  On the other hand, DON is shown to alter cytokine production by inducing the 

expression of transcription factors controlling genes for immune functions (Pestka, 2010).       

 Choloesterol levels, as a measure of liver function, were altered by mycotoxin 

consumption.  In this case, AF, FUM, and the interaction of AF and DON were significantly 

related to cholesterol levels.  Based on the plots for the individual mycotoxin effects, it is 

geen that AF and FUM generally reduce cholesterol levels.  However, when looking at the 

interaction plot, different levels of mycotoxin combinations will alter the observed effect on 

cholesterol.  As a result, AF and DON may have an additive effect that cause serum 

cholesterol levels to increase.  Using the equation for this model, this theory can be tested.  If 

DON and FUM concentrations were at 1,000 µg/kg, the change in serum cholesterol would 

increase from 10.8 to 52.2 % as AF increased from 100 to 200 µg/kg.  Other studies on  
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poultry and rats have shown an affect of mycotoxins on cholesterol levels, but these results 

generally indicate a reduction in serum cholesterol after feeding AF which was attributed to 

an impairment of lipid metabolism (Abdel-Wahhab et al., 2002; Basmacioglu et al., 2005).  

However, only AF was fed alone in these previous trials.   

 Oxidative stress is a derivative process that results in damage to cellular components 

due to an overproduction of reactive oxygen species (Abel and Gelderblom, 1998).  Lipid 

peroxidation, as measured by the metabolite MDA, is one form of oxidative stress.  In our 

study, lipid peroxidation was influenced by AF, FUM, and the interaction of AF with DON.  

Previous research indicates that these mycotoxins may cause lipid peroxidation.  In the case 

of AF, it is speculated that lipid damage occurs through the action of AF mediated release of 

free radicals which can damage cell membranes (Rastogi et al., 2001).  Fumonisin also may 

cause lipid peroxidation as a result of FUM induced changes to membrane lipid biosynthesis 

(Abel and Gelderblom, 1998).  Previous research has suggested that DON can cause lipid 

peroixation, where the consumption of DON by poultry was shown to induce lipid 

peroxidation in liver and kidney tissues (Borutova et al., 2008).  The results of the analysis in 

our current indicate that DON did not have a role in lipid peroxidation when considered at 

low to moderate levels, which may have been due to the high amount of variation between 

experiments for the effects on MDA.    

The concentration of 8-OHdG, as a measure of oxidative DNA damage, was altered 

only by DON where this mycotoxin clearly increased DNA damage as the concentration in 

the diet increased.  Using Equation 6, when DON is at a level of 1,000 µg/kg 8-OHdG would  
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be increased by 36.3 %, whereas an increase in DON to 3,000 µg/kg would result in a 66.3 % 

increase in the measured form of DNA damage.  Although AF and FUM did not influence 

DNA damage in this study, other research has suggested they play a role in this form of 

oxidative stress.  In rats, oxidative DNA damage has been measured as a result of AF 

consumption (Shen et al., 1995).  It is speculated that AF causes DNA damage through the 

formation of DNA adducts, whereas FUM alters signal transduction pathways (Wang and 

Groopman, 1999).      

For all of the measured parameters of performance and health it was observed that the 

R-square value, the coefficient of determination and an indicator of the total variation 

explained by the model, were low.  Despite the small R-square values, we conclude that the 

models for each indicator of performance and health do provide valuable information for the 

effects of mycotoxins and significant effects of the mycotoxins were observed for each of the 

parameters.       

 Overall, the results of this review study show that AF, DON, and FUM greatly affect 

the performance and health of pigs.  In combination, these mycotoxins had an impact on the 

animals at low to moderate concentrations.  Based on the results of the 7 studies, it was 

observed that each of the 3 tested mycotoxins were associated with a reduction in ADG and 

ADFI.  The measured health parameters were also affected by mycotoxins.  Cholesterol and 

MDA concentrations were altered by AF and FUM, and concentrations of the cytokine TNF-

α and oxidative DNA damage were influenced by DON alone.  The prediction equations 

formed from this statistical analysis provide a method to estimate the effects of mycotoxins  
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on pig performance and health.  The information gained from these models may allow for a 

prediction of how pigs will be affected if low to moderate concentrations of these mycotoxins 

are consumed in combination, as well as an understanding of the extent of improvement feed 

additives must provide in order to reduce the impacts of mycotoxins.  Together, these results 

show the importance of mycotoxin on pig performance and health, and indicate that 

mycotoxin co-contamination has an effect on pigs.     
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Table 1. Specifications of experimental trials included for analysis. 
     Mycotoxin1, µg/kg Average Body Weight2, kg

Exp Replicates  Pig age (d) Study duration (d) Gender AF DON FUM Initial Final 
1 15 49 35 F 64 320 42 13.95 29.97 
     124 548 84 13.97 29.59 
     182 768 128 13.89 29.14 
2 15 42 42 F 150 1,100 3,000 19.61 56.54 
3 14 42 42 F 0 4,820 0 10.41 28.29 
4 10 42 21 Mixed 200 3,603 1,392 16.97 30.77 
5 10 33 21 Mixed 223 0 8,720 8.96 19.76 
6 10 42 25 Mixed 38 3,000 0 10.39 22.73 
7 8 42 26 Mixed 263 0 13,120 28.40 54.31 

  1 Mycotoxin concentrations of the contaminated diet in each study. Diets not contaminated with mycotoxins had 
concentrations below detection level.  
 2 Initial and final body weights calculated based on averages by replicate.
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Table 2. Percent change in performance parameters between pigs fed control diets and those 
fed mycotoxin contaminated feed. 

 Percent change in performance1 
 Average daily gain Average daily feed intake Gain to feed ratio 
Exp Mean SD Mean SD Mean SD 

1 -8.26 20.32 -4.47 16.30 -4.59 6.13 
 -12.99 25.35 -9.97 19.36 -4.54 7.28 
 -20.31 11.94 -15.46 10.18 -6.01 3.27 
2 -10.13 17.49 -5.96 14.56 -4.36 11.31 
3 -24.03 16.15 -30.38 13.94 -9.08 5.11 
4 -11.82 6.82 -10.08 7.74 -1.71 6.18 
5 -13.15 12.84 -11.72 9.41 -1.56 11.09 
6 -6.93 11.06 -1.79 11.29 -5.08 6.97 
7 -7.17 7.98 -9.73 6.97 3.10 9.03 

1 Determined based on the percent change in performance between pigs consuming 
control diets or feed contaminated with mycotoxins. 
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Table 3. The effects of mycotoxins on performance parameters of pigs.  
     Fitted Model 
  Estimate Standard Error P-value P-value Rsquare
Average Daily Gain1       
 Intercept 9.06340 8.98740 0.370 0.029 0.129 
 Aflatoxin -0.18410 0.07565 0.017   
 Deoxynivalenol -0.00652 0.00216 0.004   
 Fumonisin 0.00235 0.00103 0.025   
 AF*DON2 0.00005 0.00002 0.007   
Average Daily Feed Intake1       
 Intercept 19.64260 7.89350 0.068 < 0.001 0.301 
 Aflatoxin -0.22100 0.06644 0.001   
 Deoxynivalenol -0.00976 0.00190 < 0.001   
 Fumonisin 0.00215 0.00090 0.020   
 AF*DON3 0.00007 0.00002 < 0.001   
Gain:Feed1       
 Intercept -14.19450 3.78420 0.013 < 0.001 0.245 
 Aflatoxin 0.06056 0.01946 0.003   
 Deoxynivalenol 0.00453 0.00097 < 0.001   
 Fumonisin - - NS3   
 AF*DON3 -0.00002 5.85E-6 < 0.001   

 1 Percent change in the measured parameter due to the effects of mycotoxins based on difference between pigs consuming 
control diets or feed contaminated with mycotoxins. 
 2 AF*DON: the interaction between aflatoxin and deoxynivalenol 

3 NS: non-significant with P > 0.10
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Table 4. Percent change in health parameters between pigs fed control diets and those fed 
mycotoxin contaminated feed. 

 Percent change in performance1 
 TNF-α2 Cholesterol MDA2 8-OHdG2 
Exp Mean SD Mean SD Mean SD Mean SD 

1 4.53 16.31 34.04 44.93 9.65 47.78 43.23 71.58 
 -1.50 13.32 24.51 44.41 37.38 82.34 30.83 57.60 
 12.33 12.25 81.70 43.84 72.89 62.63 38.14 85.64 
2 -5.74 37.29 -1.31 16.21 31.24 92.51 41.56 103.30 
3 25.79 45.49 -16.59 20.84 -4.04 62.64 91.80 131.99 
4 40.36 81.71 NA3 NA -23.24 36.27 NA NA 
5 -11.16 33.33 28.66 36.35 28.09 60.47 -6.32 66.80 
6 -11.79 59.77 NA NA -23.79 23.65 NA NA 
7 -1.96 36.52 -10.89 10.36 NA NA NA NA 

1 Determined based on the percent change in performance between pigs consuming 
control diets or feed contaminated with mycotoxins. 
 2 TNF-α: tumor necrosis factor alpha; MDA: malondialdehyde; 8-OHdG: 8-hydroxy-
deoxyguanosine 
 3 NA: not analyzed 
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Table 5. The effects of mycotoxins on health parameters of pigs.  
     Fitted Model 
  Estimate Standard Error P-value P-value Rsquare 
Tumor necrosis factor alpha1       
 Intercept -7.0702 7.4832 0.381 0.019 0.067 
 Aflatoxin - - NS3   
 Deoxynivalenol 0.0069 0.0028 0.018   
 Fumonisin - - NS   
 AF*DON2 - - NS   
Serum Cholesterol1       
 Intercept -16.7945 7.0786 0.098 < 0.001 0.466 
 Aflatoxin 0.7238 0.1029 < 0.001   
 Deoxynivalenol - - NS   
 Fumonisin -0.0138 0.0021  < 0.001   
 AF*DON -0.0003 0.0001 < 0.001   
Lipid Peroxidation1       
 Intercept -14.2403 14.0490 0.368 0.008 0.161 
 Aflatoxin 0.5798 0.1826 0.002   
 Deoxynivalenol - - NS   
 Fumonisin -0.0093 0.0045 0.042   
 AF*DON -0.00015 0.00004 0.002   
Oxidative DNA damage1       
 Intercept 21.3804 17.3821 0.306 0.037 0.081 
 Aflatoxin - - NS   
 Deoxynivalenol 0.0150 0.0068 0.034   
 Fumonisin - - NS   
 AF*DON - - NS   

 1 Percent change in the measured parameter due to the effects of mycotoxins based on difference between pigs consuming 
control diets or feed contaminated with mycotoxins. Lipid peroxidation measured by malondaledhyde (MDA), and oxidative DNA 
damage by for 8-hydroxy-deoxyguanosine (8-OHdG) 
 2 AF*DON: the interaction between aflatoxin and deoxynivalenol 

3 NS: non-significant with P > 0.10
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Figure 1. Percent change in average daily gain (ADG) between pigs fed control diets and those fed mycotoxin contaminated feed due to: (A) aflatoxin,          
AF, µg/kg; (B) deoxynivalenol, DON, µg/kg; and (C) fumonisin, FUM, µg/kg.  The solid line is the predicted value.  In (D), the model for the effect of          
an interaction between the AF and DON on pig ADG is presented.  All P < 0.05. 

BA

C D



203 
 

 
Figure 2. Percent change in average daily feed intake (ADFI) between pigs fed control diets and those fed mycotoxin contaminated feed due to: (A) 
aflatoxin, AF, µg/kg; and (B) deoxynivalenol, DON, µg/kg.  The solid line is the predicted value.  In (C), the model for the effect of an interaction              
between the AF and DON on pig ADG is presented.  All P < 0.05. 
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Figure 3. Percent change in gain to feed ratio (G:F) between pigs fed control diets and those fed mycotoxin contaminated feed due to: (A) aflatoxin, AF, 
µg/kg; and (B) deoxynivalenol, DON, µg/kg.  The solid line is the predicted value.  In (C), the model for the effect of an interaction between the AF and 
DON on pig G:F is presented.  All P < 0.05.
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Figure 4. The effect of increasing concentrations of deoxynivalenol (DON, µg/kg) on pig 
serum tumor necrosis factor alpha (TNF-α) as measured by the percent change in TNF-α 
concentrations between pigs fed control diets and those fed mycotoxin contaminated feed (P 
< 0.05). The solid line is the predicted value. 
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Figure 5. Percent change in cholesterol between pigs fed control diets and those fed mycotoxin contaminated feed due to: (A) aflatoxin,            AF, µg/kg; 
and (B) fumonisin, FUM, µg/kg.  The solid line is the predicted value.  In (C), the model for the effect of an interaction between the AF and deoxynivalenol 
(DON, µg/kg) on pig serum cholesterol is presented.  All P < 0.05. 
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Figure 6. Percent change in malondialdehyde (MDA) between pigs fed control diets and those fed mycotoxin contaminated feed due to: (A) aflatoxin,      
AF, µg/kg; and (B) fumonisin, FUM, µg/kg.  The solid line is the predicted value.  In (C), the model for the effect of an interaction between the AF and 
deoxynivalenol (DON, µg/kg) on pig serum MDA is presented.  All P < 0.05.
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Figure 7. The effect of increasing concentrations of deoxynivalenol (DON, µg/kg) on pig 
serum 8-hydroxy-deoxyguanosine (8-OHdG) as measured by the percent change in 8-OHdG 
concentrations between pigs fed control diets and those fed mycotoxin contaminated feed (P 
< 0.05).  The solid line is the predicted value. 
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CHAPTER 8 

 

OVERALL SUMMARY 
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A series of experiments were conducted to better understand the occurrence of 

mycotoxins in grains, as well as to investigate the impact of mycotoxin ingestion on pigs and 

possible dietary methods to reduce the associated effects.  The overall objective of these 

experiments was to gain information that would define the impact of low to moderate 

concentrations of mycotoxins from naturally contaminated grains on pigs.  This knowledge 

would allow for the understanding and development of methods to reduce mycotoxin effects 

on these animals. 

 The formation of mycotoxins appears to be highly dependent on the environment.  In 

Chapter 2, reported results indicate that higher contamination levels of AF in corn are related 

to certain climatic conditions in the spring and summer.  During these time periods, corn 

plants are in their vegetative and reproductive stages and fungal colonization is more likely.  

This colonization and subsequent mycotoxin production is increased when plants are stressed 

as indicated by warmer temperatures, lower precipitation, and increased drought status.  Due 

to fact that environmental conditions are associated with AF formation, there may be little 

control over the occurrence of mycotoxins in grains.  This conclusion in turn shows the 

significance of understanding how mycotoxins such as AF, DON, and FUM adversely affect 

pigs.  Through investigation of how mycotoxins alter performance and health, such as those 

reported in Chapters 3 to 7, it is observed that even low levels of mycotoxins can be 

problematic.  For the swine industry, these mycotoxins can cause extensive economic losses.  

As indicated in Chapter 7, pig performance may be influenced by multiple mycotoxins at low 

to moderate concentrations.  These impacts drastically reduce pig productivity and can  
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negatively impact health.  As a result of these challenges caused by mycotoxins, it is clear 

that methods to reduce these effects are necessary if mycotoxins are consumed by pigs.  

Based on this series of experiments, it appears that several feed additives may play an 

important role in solving this problem.  Yeast based additives had some ability to improve 

growth performance, and they also reduced tissue damage caused by DON.  On the other 

hand, a novel approach to reducing mycotoxin effects is through the use of common feed 

ingredients such as spray dried plasma protein.  Ingredients such as this are already 

commonly used in pig diets, and may play a role in reducing mycotoxin effects by improving 

the health of the animal or its ability to counteract the challenge of mycotoxins.  By altering 

the concentrations of these ingredients used in the diet, they may play a valuable role in 

improving pig performance and health when mycotoxins are consumed.   

 In conclusion, mycotoxins frequently contaminate agricultural commodities and 

consumption by pigs may be unavoidable.  Through an understanding of how mycotoxins 

develop in gains and their subsequent affects on pigs, methods to reduce consumption or 

absorption of these toxins may be determined.  This information can not only apply to swine 

production, but can also be valuable for all areas of agricultural and even the human foods 

industry.     
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