
ABSTRACT 

SUN, YAWANG. Nutrition of Nursery Pigs with Gut Health Challenges. (Under the 

direction of Sung Woo Kim). 

The objective of this research was to determine the effects of gut health challenge 

including aflatoxin (AF) and enterotoxigenic Escherichia coli (ETEC) on the growth rate and 

health status of nursery pigs, and to examine two types of feed additives in prevention of 

mycotoxicoses and post-weaning diarrhea, respectively.  

 The first study investigated the effects of low levels of dietary AF, from naturally 

contaminated corn, on nursery pigs’ growth and health, and the ability of a yeast cell wall 

based feed additive to prevent mycotoxicoses. One hundred and twenty piglets were allotted 

to 4 treatments in a randomized complete block design based on 2 x 2 factorial arrangements. 

The 2 factors were AF (0 or 20 µg/kg) and a yeast cell wall based feed additive (0 or 2 g/kg). 

In this study, the presence of AF did not affect growth performance, but decreased platelet 

count. Dietary inclusion of the yeast cell wall based feed additive increased growth rate with 

increased feed intake.  

The second study determined that the effects of orally challenged of F18+ ETEC on 

the growth performance and gut health of weanling pigs, and the efficacy of a DFM 

containing multispecies in preventing of ETEC cauased post-weaning diarrhea. Thirty two 

individually housed piglets were allotted to 4 treatments in a randomized complete block 

design based on 2 x 2 factorial arrangements. The 2 factors were F18+ ETEC challenge (0 or 

2 x 10
9
 CFU) and the multistrain DFM (0 or 0.15% in phase 1; 0 or 0.1% in phase 2). This 

study found that pigs with oral challenging of F18+ ETEC had increased occurence of 



diarrhea, but the growth performance was not changed. On the other hand, pigs with the 

supplementation of feed additive had increased growth rate with increased feed intake.  
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LITERATURE REVIEW 
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1. Introduction 

Gut health is an important concept for animals as the gut absorbs all the nutrients and 

also plays a crucial role in immune system. Especially for nursery pigs, with the growing gut 

structure and function and immune system, gut health is closely associated with their growth 

performance and economic values. Of the myriad of challenges to the health of the gut of 

nursery pigs, two common challenges are the consumption of toxins and infection by 

pathogenic bacterium. This review will focus on mycotoxins and Escherichia coli as gut 

health challenges because of their great impacts on global swine production. 

Mycotoxins are a diverse group of toxic secondary metabolites produced by certain 

molds that have toxic properties and are commonly found in cereal grains (Binder et al., 

2007). They do not belong to a single class of chemical compounds, and they differ in their 

toxicological effects. These toxins appear to have no biochemical significance on the growth 

or development of the mold, and their production is ubiquitous throughout the world 

(Hussein and Brasel, 2001).  Mycotoxins can contaminate a wide variety of crops and 

agricultural commodities that are commonly used in swine, poultry and dairy cattle feeds, 

including maize, wheat and soybeans and processing coproducts of these crops, such as 

maize gluten meal, wheat grits and soybean husks. And the growth of the fungus can occur 

under a variety of environmental, temperature, and moisture conditions both pre- and post-

harvest. The consumption of mycotoxins can result in decreased growth and productivity, 

organ damage, and immune breaking. Large amount of mycotoxins may cause carcinogenic, 

and high exposure in fatal.  
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Mycotoxicosis, the toxic manifestations of mycotoxins in humans or animals, has 

been known for hundreds of years. However scientists didn’t spend too much time on 

mycotoxins and regard mycotoxins as a specialized field of scientific activity until the 

outbreak of Turkey X disease in the United Kingdom during 1960, and the subsequent 

discovery of the aflatoxins and their toxic effects by scientists at TDRI and other institutions 

(Coker, 1979). Even though there are more than 300 known mycotoxins now, only a few of 

them are related to the feed industry. However, these few are some of the most popular and 

harmful, and are likely to combine together to cause multiple exposure. These major 

mycotoxins include aflatoxin (AF), deoxynivalenol (DON), fumonisin (FUM), ochratoxin 

(OCH), and zearalenone (ZEA) (Figure 1) (huwig at al., 2001; Richard, 2007; Marasas et al., 

2008).  

The contamination of feedstuffs with mycotoxins is of increasing attention as changes 

in agricultural practice and probably climatic changes seem to have increased the occurrence 

of mycotoxin contamination. Contamination of feeds with mycotoxins leads to significant 

economic losses in animal husbandry, as well as in an undesirable trade barrier for raw 

materials and consumable products (Wu, 2006). The United States Food and Drug 

Administration (FDA) has estimated that the annual cost of crop losses due to mycotoxins are 

$932 million, with research and monitoring adding another $500 million to a total of $1.5 

billion (Marasas et al., 2008). Mycotoxin contamination of feed is important to consider in 

swine and poultry production, both for economic reasons and for maintaining the health and 

productivity of these species. Experimental data and clinical experience suggest that 

ruminants are less susceptible than other animal species to the adverse health effects 
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associated with mycotoxin exposure. This assumption is based on the finding that the rumen 

flora can convert a number of mycotoxins into metabolites that are less potent or even 

biologically inactive at common exposure levels. However, this does not apply to all 

mycotoxins that contaminate feed materials.  

Escherichia coli postweaning diarrhea (PWD), also named as postweaning enteric 

colibacillosis, is a crucial factor that causes death in weaned pigs all over the world. The 

infection of enteropathogenic E. coli in weaned piglets may induce diarrhea during the first 

one or two week of postweaning and usually results in reduced weight gain (Verdonck et al., 

2007). Some factors will further contribute the severity of this disease such as the stress of 

weaning, dietary changes, and lack of antibodies originating from the sow’s milk (Fairbrother 

et al., 2005).  

 Postweaning diarrhea in pigs is frequently due to infection by one or more than one 

pathotypes of E. coli: enterotoxigenic (ETEC), vero- or shiga-like toxin producing (VTEC or 

STEC), necrotoxigenic (NTEC), enteropathogenic (EPEC), enterohaemorrhagic (EHEC), 

enteroaggregative (EAggEC), and enteroinvasive (EIEC). Among these pathotypes, ETEC is 

an important and global cause of severe, watery diarrhea in the suckling and weaned pigs 

(Nagy and Fekete, 2005). 

 Recently, the incidence of E. coli-associated diarrhea became much higher around the 

world which displayed as sudden death or severe diarrhea. These diseases are usually related 

with F4 (K88)
+
 and F18

+
 E. coli (Zhang et al., 2007). The E. coli isolates are often found to 

be resistance to a wide range of antimicrobials including spectinomycin, apramycin, 

trimethoprime-sulfonamide, and neomycin (Amezcua et al., 2002; Lanz et al., 2003; 
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Maynard et al., 2003). The prophylactic use of antibiotics plays a role in the development of 

this antimicrobial resistance, and the frequency and spectrum of antimicrobial resistance 

were seen among ETEC strains (Choi et al., 2002; Docic et al., 2003; Maynard et al., 2004). 

Additionally, the growth promoting antibiotics such as avoparcin, bacitracin, spiromycin, and 

tylosin, which have prophylactic activity, were forbidden in Europe, and that induced an 

increase in diarrhea, weight loss, and mortality due to E. coli in postweaning pigs (Casewell 

et al., 2003). It is expected that antibiotic resistance will further increase based on the using 

of antibiotics and the overall increase in resistance to antibiotics by ETEC strains over the 

last 20 years (Maynard et al., 2004).With the increasing incidence of E. coli-associated 

diarrhea and resistance to antibiotics by ETEC strains, it’s important and urgent to develop 

some alternatives to conventional antibiotics. 

The aim of this review is to provide a concept of the major mycotoxins contaminants 

in grains, to discuss the ways how mycotoxins affect swine production and how to prevent 

mycotoxicosis, and to introduce the virulence and pathogenesis of E. coli and alternative 

prevention strategies. 
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2. Characteristics of mycotoxins and ways to attenuate their negative effects. 

2.1 Major types of mycotoxins 

2.1.1 Aflatoxin 

Aflatoxin (AF) is a naturally occurring and common mycotoxin which can infect a 

wide range of crops and subsequently impact numerous animals. Aflatoxin is produced by 

several different species of the fungus Aspergillus, including A. parasiticus, A. numius, A. 

pseudotamarii, and the most commom form, A. flavus. Their name is derived from the early 

work that discovered Aspergillus Flavustoxins. The toxin produced by the fungus A. flavus 

was named aflatoxin, which consist of four different toxin components, including B1, B2, G1 

and G2. They are produced by selected isolates of either A. flavus or A. parasiticus, and they 

are differentiated based on their blue (B1 and b2) or green (G1 and G2) fluorescence on 

grains under ultraviolet light (Agag, 2004).  

    In general, the fugal strains that produce AF reside in soil as saprobes, but can be 

transmitted to plant tissues when conditions are favorable, such as when corn is growing in 

warm ambient temperature, especially noted during drought condition, the grain becomes 

more susceptible to aflatoxin formation. Growth, which is highly dependent on 

environmental conditions, can occur in two distinct phases: infection of the developing crop 

and contamination after maturation and harvest (Cotty and Jaime-Garcia, 2007). Any 

condition that provides a portal of entry into the host plant tissue or interferes with the 

integrity of the seed coat allows the organism to enter and grow on the living tissue of the 
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host including the ears of kernels of the developing grain. Insects, such as sap beetles, corn 

earworms and the European corn borer can provide transmission and portals of entry into the 

host plant. Corn, peanuts, certain tree nuts and cottonseed are the major affected crops in 

America. The infection process by A.flavus is best described in corn, where the fungi are first 

carried from the soil, and it originally inhabits to the plant by winds, insects, or birds (Payne, 

1998). Natural occurrence of A.flavus firstly infects the corn silk and then moves onto the 

kernels from the top of the cob to the base (Diener et al., 1987). Wounding of the plant tissue 

by insects or birds will interfere with the kernel seed coat and increase entry of the fungal 

organism. Heat or drought stress to the host plant will also increase infection rates, as well as 

when the kernel moisture is between 15 and 32% (CAST, 2003). In severely affected crops, 

yellow-green masses of conidia may be visible at sites of kernel damage or along insect 

feeding paths. After kernel maturation and harvest, there is a second chance for 

contamination with AF. Grains under high moisture/humidity (>14%) at warm temperatures 

(>20°C) and/or inadequately dried can potentially become contaminated (Ominski et al., 

1994). Under high humidity, grains that were initially dry can develop suitable water content 

for Aspergillus. Contamination by this method can be most severe if the crop is caught in 

rain just prior to harvest (Cotty and Jaime-Garcia, 2007). Individual kernels of corn may 

contain as high as 400,000 µg/kg of aflatoxin (Shotwell et al., 1974), therefore sampling is 

very important in the testing for levels of contamination in bulk grain lots. 

 Absorption of AF occurs through the lining of the intestinal tract, where it then moves 

into the blood stream and is carried to the liver.  During this process, the formation of a 

reactive epoxide at the 8, 9-position of the terminal furan ring occurs (Agag, 2004). After this 
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bioactivation, AF can bind covalently to nucleic acid, to alter structure and function of 

proteins, block RNA polymerase and ribosomal translocase. The aflatoxins are primarily 

hepatotoxic with aflatoxin B1 being the most potent. Susceptibility varies with breed, 

species, age, dose, length of exposure and nutritional status. Aflatoxins may cause decreased 

production (milk, eggs, weight gains, etc), are immunosuppressive, carcinogenic, teratogenic 

and mutagenic (Miller and Wilson, 1994). Aflatoxins can be present in milk of dairy cows, 

meat of swine or chicken eggs if the animals consume sufficient amounts in their feed. The 

FDA has action levels for aflatoxins regulating the levels and species to which contaminated 

feeds may be fed. The European Community levels are more restrictive (Table 1). 

2.1.2 Deoxynivalenol 

Deoxynivalenol (Figure 1), also known as vomitoxin or DON, is produced principally 

by Fusarium graminearum and in some geographical areas by F.culmorum (Ricahrd, 2000). 

DON belongs to the class of mycotoxins called trichothecenes of the Type B group and it is 

non-fluorescent. Other trichothecenes include T-2 toxin, diacetoxyscirpenol, and nivalenol 

(Hussein and Brasel, 2001). Although all are slightly different, these four trichothecenes are 

grouped together based on their similar structures containing sequiterpene rings characterized 

by a 12, 13-epoxy-trichothec-9-ene nucleus. The commonly contaminates corn, wheat oats, 

and barely makes DON significant important. DON is one of the most popular mycotoxins in 

temperate regions of the world such as Europe and North America. DON can also combine 

with other mycotoxins produced by strains or Fusarium fungi and contaminant the grain, like 

other trichothecense and zearalenone, which from under similar environmental conditions.  
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 A thorough summary of reported incidence of DON worldwide had been concluded 

by Canady et al. (2001). In developed countries where grains are dried to ≤13% moisture 

content to prevent mold growth, DON is primarily a preharvest problem. However, it can 

also be produced during storage where moisture content of stored grains is less rigorously 

controlled. Concurrent infection and DON existence in the field are largely dependent on 

environment and are stimulated by low temperatures and high humidity (Rotter et al., 1996). 

Corn and small grains such as wheat, oats, and barley are the major affected corps. The 

organisms survive on residue left on the field from the previous season’s crop, providing an 

inoculum source for the new crop. The organisms can easily contaminate the crop in cool and 

moist condition, and that usually occurs when conidia of the organism are windblown to the 

corn silks or in small grains to the anthers which emerge outside of the floret during anthesis. 

When infection of grains occurs, F. graminearum causes the diseases known as ear rot in 

corn or head blight in small grains such as wheat and barley (Richard, 2007). Deoxynivalenol 

contamination can be observed when corn kernels ripen prematurely and unevenly, as well as 

have a blanched appearance. At harvest, kernels may have a pink coloring as well.  DON at 

low levels (<1 ppm) is frequently encountered but can occasionally occur at levels as high as 

5 to 20 ppm even in human foods such as corn and meal and granola (Abouzied et al., 1991).  

 DON will be absorbed in the intestinal tract which is damaging to the epithelia cells 

by altering their function (Pinton et al., 2010). After contaminated by DON, an extracellular 

kinase p44/42 ERK is phosphorylated to its active form. This process can decrease 

expression of the tight junction protein claudin-4, which in turn decrease the barrier function 

of the intestine. DON can inter the cells after pass through the epithelium, and have negative 
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effects on DNA, RNA and protein synthesis. DON also be able to bind to eukaryotic 

polysomes and ribosomes an inhibit protein synthesis (Ueno, 1983). The inhibition of protein 

synthesis occurs throughout most tissues in mice exposed orally to DON at 5 to 25 mg/kg 

body weight within 3-9 hours. However, other toxic mechanisms of DON that have been 

suggested to result from trichothecenes include impaired membrane function, altered 

intercellular communication, and deregulation of calcium homeostasis (Yoshino et al., 1996). 

DON can also alter brain function by increasing the consuming of the amino acid tryptophan. 

This kind of amino acid can increase the concentration of neurotransmitter serotonin. High 

levels of serotonin may stimulate the performance of decreasing feed intake and weight gain 

observed in animal consuming DON. De-epoxy-deoxynivaleno (DOM-1) is the primary 

metabolite found in urine and feces of animals which consuming the grains contaminated by 

DON. DOM-1 is produced via intestinal or rumen microbe activity, not by liver or other 

organs. It indicates that DON will not remained in the body tissue and when human 

consumed by those animals, DON will not transfer to humans.  

 Studies on all species of animals shown that they all susceptible to DON with the 

following sequence: swine > rodent > dog > cat > poultry > ruminants (Pestka and 

Smolinski, 2005). The difference between species is according to the absorption, distribution, 

metabolism, and elimination of DON. This may account for the differential sensitivity to the 

adverse effects of this mycotoxin. Since swine is the most sensitive to this mycotoxin, they 

may vomit if they do eat the contaminated grains. Levels above 1 µg/g are considered 

potentially harmful to these animals. The reason why ruminants are not sensitively affected 

by DON contamination of grains is rumen microorganisms can transform DON into nontoxic 
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metabolites. Since DON has significant effects on all species of animals, the FDA had issued 

“Advisory Levels” for the industry production (Table 2 and 3). Again, the EU has more 

stringent regulation for DON. 

2.1.3 Fumonisin 

 The fumonisins are a group of non-fluorescent mycotoxins produced primarily by the 

fungi Fusarium verticillioides and F. poliferatum (Richard, 2007). Three forms of fumonisin 

FUM B1, B2 and B3 are known to exist. FUM B1 is the most common and harmful. The 

long hydrocarbon unit in its structure is linked with its toxicity. Corn is the major commodity 

which is affected by this group of toxins although some contamination has been found in 

sorghum and rice. The exact conditions for contamination are not clear but drought stress and 

warm, wet weather later in the growing phase seems to be important. It is known that F. 

verticillioides and F. poliferatum grow well when crops are under these conditions. It’s very 

hard to observe the contamination of grains because some may show physical damage and 

others may not. However, on corn, FUM contaminants may appear as a white or pink 

discoloration of the kernels. But if grains are kept in a low moisture environment, the further 

contamination is not a problem.  

 Fumonisin is involved in damage of organ systems such as brain, lungs, kidneys and 

liver. The interruption of the enzyme N-acyltransferase, involved with sphingolipid 

metabolism is the primary mechanism of toxicity. Sphingolipids, together with 

phospholipids, are the main lipid components of cell membranes (Murray et al., 2009). The 

enzyme N-acyltransferace is involved in the formation of ceramide, which is subsequently 
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converted into sphingolipids. Interference of this pathway will result in damage to important 

structures and biochemical processes involved in liver function. Fumonisin can also affect 

other biological functions such as protein metabolism and the urea cycle. This mycotoxin 

causes the most popular disease of horses that includes a softening of the white matter in the 

brains (leukoencephalomalacia) (Marasas et al., 1988). Swine lung edema is also produced 

by this mycotoxin (Colvin and Harrison, 1992). Other symptoms like liver disease and 

tumors of the kidney, were seen in research using rodents.  Although FUM has strong 

negative effects on internal organs, it’s not carried over in to milk and does not seem to be 

stored in to the tissues humans usually consume. The guidance levels for fumonisin (total 

including FUM B1, B2 and B3) in human foods and animal feed proposed by the FDA and 

European Community are shown in Table 4 and 5. 

2.1.4 Zearalenone 

 Zearalenone (ZEA) is the fourth mycotoxin of practical concern to the swine industry. 

This mycotoxin was mentioned before that it can co-exist with DON since they are formed 

by the same fungi (F. graminearum and F. culmorum). The chemical structure of ZEA 

contains a phenolic resorcyclic acid lactone. This kind of chemical structure make ZEA 

affected on estrogen signaling within the body. This kind of mycotoxin is mostly found in 

corn, but we can also find it in other important corps like wheat, barley, sorghum and rye 

throughout various countries of the world. When the grain gets infected, it often changes into 

a pink color that the fungus produces simultaneously with the toxin. In wheat, the conditions 

for the contamination of ZEA would be pretty much the same as the contamination of DON 
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since the organism gains entry into the host plant in the same manner. In general, the 

Fusarium fungi grow in moist cool conditions and similarly invade crops under these more 

favorable conditions. In wheat, sorghum and corn, ZEA occurs in pre-harvest grain but in 

other stuffs the surveys are insufficient to determine if ZEA occur pre- or post- harvest.  

Like FUM, compared to other species like poultry, cattle, and rodents, swine are also 

the most susceptible animals by ZEA. Weak and small for gestational piglets are caused by 

zearalenone when fed to sows during gestation. Levels of 0.5 to 1.0 µg/g of dietary ZEA 

have been associated with the latter effects while hyperestrogenism in swine was associated 

with dietary levels of 1.5 to 5 µg/g (Prelusky et al., 1994). Zearalenone is notable for its 

effect on the reproductive and urinary systems. After consumed by animals, ZEA can 

stimulate estrogen binding to estrogen receptors that influence estrogen dependent 

transcription in the nucleus. This will disrupt the reproductive processes in pre-pubertal, 

cycling, and pregnant animals. Recently, study showed that ZEA can be a co-factor to 

increasing growth of breast cancer cells in humans where have estrogen response receptors 

(Hussein and Brasel, 2001). There are no U.S. regulations imposed on the occurrence of 

ZEA, but EU has some regulations for this mycotoxin (Table 6). 

2.1.5 Ochratoxin 

 Ochratoxin A is the major mycotoxin of Ochratoxin (OCH) and it is primarily 

produced by Aspergillus ochraceus and Pennicillium verrucosum. Other fungi such as 

members of the Aspergillus niger group may be important in some commercial production or 

geographic areas. In chemical structure, OCH contains an amide bond connected to their 
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amino group of L-β-phenylalanine (Hussein and Brasel, 2001). OCH can infect a very wide 

range of plants such as coffee, soybean, grapes and barley, and it also can be found in house 

dust and other airborne particles which make it very important for human’s health. The 

preferred environment for OCH contamination is high humidity and warm temperature. Since 

it can infect a large variety of corps, it’s very difficult to observe a common appearance of 

the fungus on diverse corps. However, some visible mold from the major species producing 

ochratoxin varies from yellowish-tan with A.ochraceus to blue-green with Penicillium 

species and black with A. niger. Corps contaminated with OCH also have moldy odor. The 

major disease caused by OCH is kidney toxin and liver damage by consuming higher 

concentrations. Balkan Endemic Nephropathy is a classic kidney disease caused by OCH, 

often associate with tumors. High concentration of OCH can also make rats and mice or 

human got cancer (PfohlLeszkowicz et al., 2002).   As I mentioned before, OCH can occurs 

in a variety of corps at a relatively low concentration. But, the speed of our body excrete 

OCH is very slow, the concentration of this mycotoxin will accumulate in body tissue and 

fluids of humans or animals uptake contaminated corps. Now, European has established 

regulations for ochratoxin A (Table 7), but not been established in U.S. 

2.2 Mycotoxins on swine production 

 A survey from the North Carolina Cooperative Extension Service found that 34% of 

tested corn contained higher than 20 µg AF/kg and more than 60% of feed contained DON 

(Jones et al., 2007). During the last few years, investigations based on Southeastern United 

States shown that the financial losses of grain producers due to aflatoxin alone are $97 
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million in total, and the losses of swine producers are $100 million in total (Hussein and 

Brasel, 2001). The factors of the production losses including reduced growth, sickness 

caused my immune suppression and organ damage, or death of the animal (FAD, 1994; 

Richard, 2007).  

 The decrease of productive performance is mainly because of consumption of AF and 

DON at both low and high concentration (Chaytor, 2011). The damage of immune system of 

swine is also greatly associated with AF and DON contamination of feed. Researches shown 

that ingestion of high level of AF can cause an increasing monocyte and hematocrite levels, 

and an increasing in white blood cell number (Accensi et al., 2006). Some other parameters 

like immunoglobulin IgA, IgG and IgM can be affected by mycotoxin at high levels (3,000 

μg/kg), but when consume with low mycotoxins concentrations of 120 to 280 μg/kg AF or 

280 to 900 μg/kg DON, the effect of the above parameters may not occur. The harm to organ 

is another common problem in pigs consuming AF and DON. High levels of AF combined 

with high levels of DON in the diet can cause liver lesions and hepatocellular cytoplasmic 

vacuolation with early portal fibrosis, bile duct hyperplasia, necrosis, blood vessel thickening 

and hemorrhage (Harvey et al., 1991; Chen et al., 2008). The negative effects of ZEA include 

exhibits estrogenic effects, uterine tissue damage, inhibit reproductive performance by 

altering embryo development and reducing the number of live born piglets, depress serum 

testosterone, spermatogenesis. The common symptoms for FUM are diverse range of 

damages to swine tissues such as lesions to the esophagus, gastrointestinal tract, liver, lungs, 

and brain.  
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2.3 Ways of mycotoxins decontamination 

2.3.1 Chemical reactions 

2.3.1.1 Alkalization 

Researchers showed that the structure of some mycotoxins may change after react 

with alkali. For example, under the surround of alkaline DON can be transformed to different 

products. These changes include the opening of the 12, 13-epoxy group or loss of C-15 as 

formaldehyde via a retroaldol rearrangement and forming a lactone structure (Bretz et al., 

2006). In food industry, sodium hydroxide (NaOH) and Ammonia (NH3) are the most 

common form of alkalis. DON concentrations in moldy maize can be reduced by 9% and 

85% after exposure in ammonia at room temperature for 1 and 18 hours (Young, 1986). 

However, some scientists doubted that there may have some change in nutrition properties in 

meal added by those chemical reagents. Brekke et al. (1977) did some test on chemical and 

biological properties of ammoniated AF contaminated corn and cottonseed meals. They 

found the Non-protein nitrogen content increased in the meals treated with ammonia and 

methylamine, but the nutritive value of corn was not reduced after treatment with ammonia.  

2.3.1.2 Oxidation and Reduction 

 Oxidizing reagents in chemical transformation have been proved to be able to 

detoxify some mycotoxins. During the oxidation, the molecular structures of the mycotoxins 

will change, and this in turn can affect the biological activities of mycotoxins. Chemical 

oxidizing reagents can react with numerous functional groups like the double bond in 
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trichothecenes (McKenzie et al., 1997). Young et al. (2006) put forward that the oxidation of 

some trichothecenes with ozone starts at the C-9,10 double bond with addition of two atoms 

of oxygen, and the rest of the structure will not change. An important factor for the 

transformation of DON by oxidation is moisture. For example, moist ozone (1.1 mol %) 

reduced 90% of DON in moldy maize containing 1000 µg/g of DON when passed through 

the moldy maize at a flow rate of 150 mL/min for one hours. However, we can only observe 

little reduction of DON concentration when ozone gas and moldy maize were dry (Young, 

1986). 

 Compared with oxidation, reduction can also cause change in molecular structures 

and biological activities of mycotoxins. For example, sodium bisulfite (NaHSO3) and sodium 

metabisulfite (Na2S2O5) transformed DON to DON-sulfonate, which is much less toxic than 

DON (Valenta et al., 2005). Reducing reagents usually utilized as food additives in feed 

production, such as ascorbic acid, NaHSO3 and Na2S2O5, were tested for the ability to change 

the structure of DON in grains. By adding 2% ascorbic acid at 22°C for 24 hours, the 

concentrations of DON in wheat decreased by 50% (Young, Subryan, et al., 1986).  

2.3.1.3 Thermal 

 Heating is another way to remove mycotoxins from diet which can also regard as a 

physical method. Pyrolysis was proved to be the mechanism stimulating degradation of 

mycotoxins in heat food processing. Herzallah et al. (2008) showed that when feed samples 

with different level of AF were exposed sunlight for 30 h or heated using microwave, the 

concentrations of AFB1 were decreased by 75.5% and 32.3%, respectively. When DON 
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heated alone or heated with N-α-acetyl-L-lysine methyl ester at a high temperature (above 

210) there shows a decrease in DON concentration (Bretz et al., 2006). However, this kind of 

method will cause nutritional changes of treated grain products. Although a short time (<5 

min) autoclaving didn’t show a significant change in the protein quality index of cottonseed 

meal, the index decreased obviously after prolonged autoclaving. What’s more, the nitrogen 

solubility of cottonseed meals in sodium hydroxide was reduced as the autoclave time 

increased (Condon et al., 1954). 

2.3.2 Biological transformation 

 Hydrolysis is a reaction in which a molecule is decomposed by addition of a molecule 

of water. Since some mycotoxins contain acetyl group, and the number and position of acetyl 

groups affect the toxicity of mycotoxins, deacetylation has the ability to change the toxicity 

of mycotoxins (betina, 1989). The process of mycotoxins to deacetylation products by 

hydrolysis is usually found in biochemical pathways of animals, chicken digesta, plants and 

microorganisms from rumen, intestinal microflora of dog, mouse, rat, horse and swine, and 

environmental sources such as water and soil. Deacetylation can take place in either aerobic 

or anaerobic environments, and get started by animal organs and microorganisms from large 

range of sources. This can also tell us the enzymes, such as aetylcholine-type enzymes, 

responsible for the reactions are commonly distributed in different biological systems. 

 Some isomers have mentioned before which have effect on hydration, but 

isomerization has not been applied to the detoxification of mycotoxins. Some researchers had 

found that an isomer of ochratoxin A (OTA), 3S-epimer of ochratoxin A (3S-OTA), was less 
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toxic than OTA in meningeal cell cultures (Bruinink et al., 1997). This result indicates that 

it’s worthwhile to plan some more research to confirm occurrence of the isomerization of 

mycotoxin, and evaluate the toxicities of the isomeric products.  

2.3.3 Physical methods 

 Physical methods of detoxification include sieving and dehulling using 

dichloromethane and Scott-Strong dehuller (Trenholm et al., 1991), using water and saturated 

sodium chloride solution to identify the different density segregation between contaminated 

kernels and non-contaminated kernels (Babadoost et al., 1987), or using water and 30% 

sucrose solution instead of water and saturated sodium chloride solution (Huff and Hagler, 

1982), food processing practices, cleaning or washing or baking. Rinsing with water or 

sodium carbonate water solution could decrease the concentration of DON in wheat and 

maize (Voss et al., 1996). If the corn and wheat were contaminated with DON, the density 

segregation would decrease which shows that the appearance and weight of a particular 

kernel are a good indicator of mycotoxin contamination. Another way is to dilute 

contaminated grain with clean grain in order to decrease the concentration of mycotoxins and 

within the maximum value of safety range.  

2.3.4 Feed additives 

 The chemical, physical methods introduced before have significant effect on 

mycotoxins decontamination. However, they cannot completely remove mycotoxins from 

feeds before they are ingested by animals. What’s more, decontaminated feeds can be 
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infected again during storage. So it’s very important to add the additives to prevent the 

harmful effects of consuming mycotoxins. Based on the function of additives, materials used 

as additives are separated into two main categories: mycotoxin adsorbing agents and 

mycotoxin transforming agents (EFSA, 2009). Adsorbing materials are those that bind 

mycotoxins in the gastrointestinal (GI) tract to form a stable compounds that will avoid being 

absorbed as it passes through the GI tract. The second category are additives that will convert 

the mycotoxins into non-toxic compounds via either oxidation or reduction. 

 Natural clay products and yeasts are the two major mycotoxin adsorbing agents used 

in feed production.  In natural clay products, aluminosilicates are the largest functional group 

to adsorb mycotoxins. The major types of aluminosilicate clays include bentonites, 

montmorillonites, zeolites, and hydrated sodium calcium aluminosilicates (Jones et al., 

2007). These types of clay contain aluminates, silicates, and interchangeable ions including 

alkali metal and alkaline earth metal ions (Huwig et al., 2001). Their normal structure 

contains a SiO4 unit which is electrically neutral, and an AlO4 unit carries a negative charge. 

This negative charge then attracts mycotoxin and it will attach together in the GI tract of the 

animal. Aluminosilicates have special affinity for the polar mycotoxin AF, although some 

clay productions can have a binding capacity for other mycotoxins (Huwig et al., 2001).The 

clay bentonite is a wildly used adsorbing reagent which originates from the weathering of 

volcanic ash and contains several interchangeable ions including sodium, potassium, 

calcium, and magnesium (Ramos et al., 1996). The uniform character of bentonites is that 

they contain a layered crystalline structure which allows adsorption of other molecules. This 

character also makes it very frequently used in industrial, engineering, and agricultural 
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industries. For example, the use of bentonite in mycotoxin contaminated poultry diets can 

improve growth rate, feed efficiency, eggsize, and egg shell quality while it can decrease 

mortality (Ramos et al., 1996). Montmorillonite is another type of layered silicate clay which 

is also the major component of bentonites. It can attach organic materials on both its surface 

and within its interlaminar spaces by the exchange of cations present in these spaces. 

According to this ability, montmorillonite is reported to have strong affinity for AF B1 and 

ZEA. Zeolites are silicates with a three-dimensional structure that contains crystalline 

hydrated aluminosilicates of alkali and alkaline earth cations (EFSA, 2009). Their structure 

makes them able to gain and lose water reversibly, what’s more, it can exchange cations 

without structural change. Zeolites have strong affinity to AF, and also protect against ZEA.  

 Other mainly adsorbing reagents are yeast and yeast cell wall components, which can 

ameliorate the harmful effects of mycotoxins by biding to them (Fink-Gremmels, 2006). 

Compared to whole yeast, products only have yeast cell walls have a stronger adsorbing for 

mycotoxins because their cell walls contain lipids, proteins and polysaccharides which are 

more approachable. The cell wall component β-D-glucans appear to play the most important 

role in this adsorption capability (Yiannikouris et al., 2004). This type of polysaccharide 

takes 50 to 60 percentages of cell wall dry weight. It can utilize helical conformations that 

can provide various adsorption sites for mycotoxins. When consider about exact number, it 

approximately bind 2.7 mg of ZEA per gram of yeast cell wall product. Trichosporon 

mycotoxinivorans (T. mycotoxinivorans), which is a member of yeast family, can 

decontaminate OCH by cleavage of the phenylalanine moiety to form the derivate OCHα 

(Schatzmayr et al., 2006). This metabolite is almost nontoxic compared to the parent 
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compound. What’s more, this T. mycotoxinivorans has been proved to have relatively high 

capability to degrade ZEA recently. Another component of yeast cell wall which is also 

important in prevention of mycotoxicosis is mannan oligosaccharides (MOS). MOS has the 

ability to influence the microbial population in the intestinal tract by attaching to mannose 

binding proteins on the cell surface of some strains of bacteria which interfering with the 

binding of carbohydrate residues on epithelial cell surface and then preventing these bacteria 

from colonizing the intestinal tract (Spring et al., 2000). Kogan and Kocher (2007) indicated 

that β-glucan and MOS from Saccharomyces cerevisiae cell wall are able modulate mucosal 

immunity by binding to the specific receptors of immune cells and then provide beneficial 

effects on pig health and resistance to disease. Yeast cell wall polysaccharides are also able 

to adsorb mycotoxins, thus decreasing their toxic effect and mediating their removal from the 

organism. 
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3. Escherichia coli in postweaning diarrhea in pigs, and applications in prevention of 

PWD associated with ETEC. 

3.1 Virulence factors of E. coli 

 The main pathotype of E. coli which cause PWD in pigs is ETEC. These bacteria 

adhere to the epithelium of small intestine without inducing significant morphological 

changes, and then secrete enterotoxins that alter the functions of enterocytes by increasing 

fluidity and reducing absorption. The main virulence factors of ETEC are adhensins 

(primarily hair-like appendages called fimbriae or pili) and enterotoxins (proteins or 

peptides). Other than adhesive and enterotoxic virulence factors, pathogenesis also involves 

host factors which are the most important for adnesins and enterotoxins. And the species 

specificity of receptor make ETEC strains become quite specific to the host. 

3.1.1 Fimbriae correlate to adhesins 

 The first step of pathogenetic process, according to our present understandings, is the 

adhesins-ligand interaction on the small intestinal microvilli, resulting in a strong but 

morphologically non-destructive attachment of bacteria to the microvilli. The most common 

adhesive surface antigens of ETEC are fimbriae. The common types of fimbriae which found 

on ETEC from PWD in pigs are F18 and F4 (K88). Genes for F18 and F4 were identified in 

92.7% of all ETEC from PWD (Frydendahl, 2002). Typically, F18 fimbriae are associated 

with diarrhea of weaned pigs, while F4 fimbriae are associated with diarrhea in nursing pigs 

as well as in weaned pigs.   
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3.1.1.1 F18 fimbriae 

 Fimbriae are long proteinaceous appendages radiating from the surface of the 

bacterium to a length of 0.5-1.5 µm. They are peritrichously distributed in numbers of 100-

300 or even to 1000 per bacterium (Ottow, 1975; Klemm, 1985; Van de Broeck et al., 2000). 

Fimbriae can be morphologically classified into two categories, pili and fibrillae (Simons et 

al., 1994). Pili are stringent structures with a diameter of 7 to 8 nm and an axial hole, and 

fibrillae are relatively thin and flexible with a poorly defined diameter. The F18 fimbriae, 

belonging to fibrillae, are 1- to 2-mm-long filaments, and their backbone is built from a 

major structural 15.1-kDa protein, FedA. They showed a characteristic zigzag pattern around 

the helical axis with an axial rise of 2.2 nm by analyzing their helical symmetry (Hahn et al., 

2001). F18 fimbriae occur as two antigenic variants, F18ab and F18ac, where the “a” is a 

common antigenic factor and “b”, “c” are specific factors (Sarrazin et al., 1996). F18 is titled 

recently, and before 1995, these fimbriae were designated F107 (now F18ab), 2134P or 8813 

(now F18ac) (Imberechts et al., 1992, 1994; Rippinger et al., 1995). F18ab are poorly 

expressed in vitro and usually found on STEC and ETEC, while F18ac are easier to express 

in vitro and usually found on ETEC (Wittig et al., 1995; Nagy et al., 1997). F18-positive 

(F18
+
) ETEC strains produce heat-stable enterotoxins STa and STb frequently, and also 

produce Heat-labile enterotoxin (LT) infrequently (Rippinger et al., 1995; Francis, 2002). 

The operons of many fimbrial adhesins of Escherichia coli include genes coding major 

subunit protein, molecular chaperone and usher proteins, minor subunits, adhesin, and 

proteins of unknown function (Gaastra et al., 1996; Smyth et al., 1996; Soto et al., 1999). 

And the genes that encode F18 fimbriae have been identified: fedA (major pilus subunit), 
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fedB (usher), fedC (chaperone), fedE (minor protein of unknown function), and fedF 

(adhesin) (Imberechts et al., 1996; Smeds et al., 2001, 2003).  

 Small intestinal adhesin and subsequent colonization of ETEC is promoted by the 

fimbria-receptor interaction. The F18 fimbriae bind to small intestinal glycoproteins on the 

microvilli (Nagy and Fekete, 2005). The F18 receptor is under control of the presence of a 

dominant allele, and the absence of a recessive allele (Bertschinger et al., 1993). Compared 

to F18ac fimbriae, F18ab fimbriae only have 9 to 12 different amino acids (Imberechts et al., 

1994). Some pigs lack the receptor for F18 fimbriae and then resistant to colonization of 

F18
+
 ETEC. With the use of prescreening for an F18 receptor polymorphism, the rate of 

infection can be increased from 5.9% in pigs with the F18-resistant genotype to 87% in those 

that are genetically susceptible (Frydendahl et al., 2003). 

3.1.1.2 F4 (K88) fimbriae 

 F4 fimbriae are long filamentous polymeric surface proteins belong to fabrillae. 

Simons et al. (1994) also showed that the structure of F4 fimbriae can be varied from a thin, 

flexible and extended form to a wider, rigid and more condensed structure. ). F4 fimbriae 

occur as three antigenic variants, F4ab, F4ac, and F4ad. The “a” is a common antigenic 

factor and “b”, “c”, and “d” are specific factors. Chemical analysis on the three F4 variants’ 

major subunit (FaeG) showed slight difference in amino acid composition (Mooi and de 

Graaf, 1979), where F4ab and F4ad major subunits are composed of 264 amino acid residues 

while the F4ac subunit molecule is two amino acids shorter. F4ab used to be the most 

frequently detected while F4ac became more popular nowadays (Guinee and Jansen, 1979).  
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Researchers examined 44 F4
+
 E. coli isolates from PWD pigs, and they found 96% carried 

the F4ac fimbriae genes and 4% carried the F4ab fimbriae genes (Choi and Chae, 1999). 

Another study found 98% of F4ac variant among 237 F4
+
 ETEC from PWD pigs by using 

PCR, while the percentages for F4ab and F4ad were 0.8% and 1.3% respectively (Alexa et 

al., 2001). The gene clusters for F4 fimbriae coding locate on a large non-conjugative 

plasmid (Shipley et al., 1978; Mooi et al., 1979; Shipley et al., 1981). And the plasmid also 

carry genes coding for raffinose degrading enzymes which may associated with a selective 

advantage in porcine ETEC (Shipley et al., 1978). The genes that encode F4ab and F4ac have 

been extensively studied, and they were shown to be organized into an operon of 10 genes 

from faeA to faeJ that differ between the variants in the faeG gene that encodes the adhesin. 

The expression of the fimbrial genes is usually affected by environmental conditions such as 

temperature, pH, and composition of the culture medium (de Graaf and Mooi, 1986). 

Compared with the F18 fimbriae, where the adhesin is a minor protein distinct from the 

major fimbrial subunit, FaeG is both the major fumbrial subunit and the adhesin.  

 All F4 antigenic types bind carbohydrates on glycoconjugates present on intestinal 

epithelial cells, intestinal mucus, or red blood cells (Erickson et al., 1994; Grange et al., 

2002). Meanwhile, F4ad adhesin appears to preferentially bind to glycolipids, while F4ab 

and F4ac adhesin are more likely to bind glycoproteins (Grange et al., 1999). The presence of 

F4 receptor is controlled by alleles, with adherence domination over non-adherence 

(Sellwood et al., 1975). It is complicated to determine the F4 receptor gene with the existence 

of several receptor variants. The F4ab and F4ac adhesion phenotypes are highly correlated 

with the presence of the same intestinal mucin-type sialoglycoprotein receptor which is 
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encoded by one single locus, or by two tightly linked loci connected with the transferrin 

locus (bijlsma and bouw, 1987; Guérin et al., 1993; Francis et al., 1999).  

3.1.1.3 Other adhesins  

 Based on the fimbriae types, F5(K99), F6(987P), F17(Fy/Att25), and F41 are also 

found in both pigs and calves (Table 8). These fimbriae usually associated with ETEC 

diarrhea in pre-weaned pigs, and they are found individually or along with F18 or F4 on 

ETEC from PWD. Kwon et al. (2002) found that genes for F5, F6, and F41 were present in 4, 

10, and 2%, respectively, of ETEC from PWD pigs. Since the reduced lactation period and 

weaning age over the years, it is common to see the detection of these fimbriae on ETEC 

from PWD pigs (Fairbrother et al., 2005). 

 3.1.2 Enterotoxins 

 Enterotoxins are extracellular proteins or peptides secreted from ETEC bacteria. They 

are regulated by plasmid and can play roles on the intestinal epithelium. Enterotoxin 

categories include large-molecular-weight (88kDa) heat-labile enterotoxins (LT) and small-

molecular-weight (11-48 amino acid containing) heat-stable peptide toxins (ST) (O’Brien 

and Holmes, 1996).  

3.1.2.1 Heat-labile enterotoxins (LT) 

 The E. coli LT consists of an A:B5 protein structure, where a single enzymatic subunit 

A is non-covalently associated with a pentamer subunits B that bind the toxin to its receptor 

(de Haan and Hirst, 2004). The two subunits contain 240 and 103 amino acids, respectively 
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(Nagy and Fekete, 2005). The subunit A consists of two fragment, A1 (ADP-ribosyl 

transferase) and A2, and they are connected with a disulfide bond which passes through a 

central pore created by a doughnut-like arrangement of the B subunits (Sixma et al., 1991; 

van beers-Schreurs et al., 2011). Subunits A and B are synthesized in the cytoplasm, then 

transported through the inner membrane, and lastly assembled into holotoxin in the 

periplasm. The subunits B bind predominantly to the GM1 ganglioside receptor acting as 

receptors on the cell surfaces (O’Brien and Holmes, 1996). After that, the fragment of A1 

will translocate into the cell (into the endoplasmic reticulum), and activate the adenylate 

cyclase system (increasing cAMP level), inducing increased fluid and electrolyte secretion 

and decreased absorption (Fujinaga et al., 2003). After binding to the surface of intestinal 

epithelial cells, toxin may be released into the membrane vesicles associating with 

lipopolysaccharide.  

 Except for the function of enterotoxicity, LT may also act as an adhesion that binds 

the bacteria to GM1 ganglioside on the intestinal epithelial cell surface (Horstman et al., 

2004). Berberov et al. (2004) showed that the elimination of the genes for LT was associated 

with not only a reduction in severity of diarrhea but also a decreasing in colonization of the 

intestine of gnotobiotic pigs, which supported the conclusion that LT may act as an adhesin.  

3.1.2.2 Heat-stable enterotoxins (ST) 

 Heat-stable enterotoxins includes STa and STb. STa is the first discovered variant of 

ST, which is a low molecular weight (approximately 2 kDa) peptide containing around 18 

amino acids with three disulfide bonds. STa is soluble in water and methanol and digested by 
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proteolytic enzymes. It resists boiling water for 15 min and can be inactivated by agents that 

destroy disulfide bonds. STb is a 48-amino-acid peptide of about 5 kDa, and it has four 

cysteine residues involved in two disulfide brides. STb is not soluble in methanol but will be 

digested by proteolytic enzymes. STa appears to be specially associated with ETEC that 

cause disease in neonatal animals, but may also cause PWD in pigs along with some other 

enterotoxins. STb is closely related to diarrhea seen in pigs, and the production of STb is 

principally but always together with one or several enterotoxins (Dubreuil, 1997). 

3.2 Serogroups and serotypes of ETEC in PWD 

 With greater variation among the toxin-encoding genes than among the fimbrial 

genes, specific serogroups of ETEC are established to identify the particular serious of 

virulence genes. ETEC serogroups include O serogroup and H serogroup which are based on 

lipopolysaccharide and flagella, respectively. The O antigens are carbohydrates and are part 

of the lipopolysaccharide, and they are composed of repeated subunits that extend from the 

surface of bacteria (Wolf, 1997). Even the classification of pathogenic of E. coli by using 

probes of virulence factors made O serogroup less important, O serogrouping still provides 

worthwhile information. In ETEC, it was still the category with the largest variety of 

antigens. The worldwide crucial serogroup of E. coli associated with PWD in pigs is O149. 

This serogroup was first officially designated by Orskov et al in 1969 and the serotype was 

called O149:K91:F4acH10, but the K91 was deleted later when it was recognized that these 

organisms do not produce a capsule. Other serogroups that are frequently implicated in PWD 

of pigs are O8, O138, and O141 (Sojka, 1965; Salajka et al., 1992; Nagy et al, 1997; Nagy 
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and Fekete, 1999; Francis, 2002; Frydendahl, 2002). The H serogroups are determined by the 

flagellar antigens, and serve as useful antigenic markers and as potential components of an 

ETEC vaccine. Only a few H serogroups are related to ETEC compared to O serogoups, and 

some H serogoups were strongly associated with an O serogroup such as O27:H7, O8:H9, 

and O148:H28 (Wolf, 1997). 

3.3 Pathogenesis of E. coli 

 PWD caused by E. coli is associated with an enormous proliferation, and then the 

colonization of the small intestine through bacterial attachment to receptors on the small 

intestinal epithelium or in the mucus coating the epithelium. The proliferation process is 

necessary because inocula containing 10
9
 to 10

10
 ETEC are experimentally required to induce 

diarrhea (Acres, 1985). The condition of colonization determines whether or not the disease 

occur form infection. Fimbriae adhere to specific receptors on the cell membrane of intestinal 

epithelial cells and to specific receptors or non-specifically in the mucus coating the 

epithelium. ETEC that producing fimbriae F5, F6, and F41 mostly colonize the posterior 

jejunum an ileum, whereas F4
+
 ETEC has the ability to colonize the whole parts of jejunum 

and ileum. The F4
+
 adhesion occurs mostly in pigs and is mediated by F4 fimbriae thought 

most of the small intestine of pigs of all ages.  

 Receptors for F4 are fully expressed from birth to adult age, while the F18 receptor is 

not yet completely expressed by piglets under about 20 days of age (Nagy et al., 1992). In 

this way, E. coli with F18 fimbriae do not cause disease in neonatal pigs. Some pigs do not 
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have receptors for the F4 adhesin on intestinal epithelial cells which make them genetically 

resistant to infection by F4
+
 ETEC (Sellwood et al., 1975). 

 The proliferation of E. coli strains hardly occurs prior to weaning due to the existence 

of antibodies in milk from sow. When the protective milk supply stops at weaning, pigs 

appear to be susceptible to E. coli enteric infections in the post weaning period (Deprez et al., 

1986; Sarmiento et al., 1988). A wild range of viruses infect the porcine intestine and may 

thereby change the bacterial environment. Lecce et al. (1982) showed that the combine of 

rotavirus infection and an ETEC strain infection resulted in a more severe diarrhea than 

inoculation with either agent along. Above results proved that viral damage of the epithelium 

enhance the colonization of E. coli.  

 In general, pigs with E. coli PWD have watery diarrhea that last about 1 to 5 days, but 

some pigs die suddenly without diarrhea having been observed. Pigs in the latter group 

usually have an accumulation of fluid in the intestine and invasion of the blood and tissue. 

Diarrhea usually results in a significant increase in excreted fluid volume, either due to a 

failure of the intestine to reabsorb or absorb fluid or due to a great increase in fluid secreted 

into the intestine. The basic mechanism by LT and ST enterotoxins are that they produce 

profound functional changes in small intestinal epithelial cells, resulting in increased 

secretion of H2O2, Na
+
 and Cl

+
 and a concomitant decrease of fluid absorption, inducing 

dehydration and acidosis.  

The mechanisms of action and structure of LT enterotoxin are well known and similar 

to V. cholera (CT). As we mentioned before, the B subunits of LT bind predominantly to the 

GM1 ganglioside receptor on the cell surfaces. And right after the fixing of the toxin 
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molecule to the cell surface, a gragment of A domain (A1) will translocate into the cell and 

activate the adenylate cyclase system (increasing cAMP level). The way leading from 

elevated levels of intracellular cAMP to hypersecretion are not very clear. But cAMP-

stimulated PKA (protein kinase A) phosphorylates the cystic fibrosis transmembrane 

conductance regulator (CFTR), and then causing chloride secretion from the apical region of 

enterocytes (Thiagarajah and Verkman, 2003; de Haan and Hist, 2004). 

 The mechanisms of STa is exerted through stimulation of the guanylate cyclase 

system which induces intracellular accumulation of cyclic guanosine monophosphate 

(cGMP) and impairs absorption of water and electrolytes (Na
+
 coupled Cl

-
) on villus tips, and 

results an elevated serection of Cl
-
 and H2O in crypt cells (Forte et al,. 1992). Fluid 

accumulation in the lumen of the intestine in response to STa is also known to be under 

neuroendocrine influence. The information about mechanism of action and the molecular 

characteristic of STb are still limited. Dubreuil (1997) showed that STb binds to sulphatide of 

the intestinal epithelium and is internalized by epithelial cells. Whipp et al. (1981) found STb 

cannot elevate intracellular cyclic nucleotide levels but seems to enhance a non-cloride anion 

secretion by intestinal epithelial cells. In addition, it seems to be clear that the main receptor 

for STb is sulphatide of the intestinal epithelium (Dubreuil, 1997). 

3.4 Applications of preventing PWD associated with ETEC 

3.4.1 Diagnosis of ETEC infections 

 Diagnosis of ETEC infections requires the detection of virulence factors, adhesins 

and enterotoxins, using classic in vitro tests which include slide, latex agglutination, and 



 

 

33 

ELISA (Thorns et al., 1989). Adhesive fimbriae are efficiently deteted in vivo under an 

immunefluorescent method using absorbed polyclonal or monoclonal antifimbrial antibodies 

(Isaacson et al., 1978). Compared to fimbriae, enterotoxins in vivo are much harder to detect 

with classic methods which make it necessary to develop some advanced molecular methods. 

DNA-based molecular detection methods (PCR, DNA hybridisation) are now generally used 

on a wide scale of genes for the detection of known virulence factors (Franck et al., 1998). 

Additionally, real-time PCR becomes a new rapid and sensitive method for detection of 

enteric pathogens including ETEC (Fukushima et al., 2003). However, the traditional ETEC 

detection methods are still required to measure gene expression and to ensure our chances to 

discover new virulence attributes will not be limited (Czirok et al., 1992; Thorns et al., 1989).  

3.4.2 Immunoprophylaxis 

 The newborn pigs have the capacity to establish immune reactions against mucosal 

antigens, and the reactions may include tolerance or defense against the antigen (Rothkotter 

et al., 2002). Active intestinal mucosal immunization is needed to protect newly weaned pigs 

due to their lack of passive lactogenic immunity. The vaccines for preventing PWD should 

be able to activate the mucosal immune system and evoke antigen-specific IgA or IgM 

responses in order to induce a protective mucosal immunity (Bianchi et al., 1996; Van den 

Broeck e tal., 1999). 

There are three types of vaccines have been experimentally applied to PWD pigs with 

ETEC. The first is intramuscular injectable vaccines, which stimulate mostly systemic rather 

than mucosal immunity, leading to circulating antibodies which do not increase intestinal 
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bacteria to high enough levels to be very effective (Van de Broeck e tal., 1999). Additionally, 

such vaccines may even suppress the mucosal immune response to the oral infection with a 

pathogenic E. coli (Bianchi et al., 1996). However, intramuscular injection of F4 fimbriae 

induced a systemic IgA response and enhanced the reduction of excretion of F4
+
 E. coli 

following following subsequent oral infection with a pathogenic E. coli, which was 

associated with the existence of a secondary mucosal IgA response (Van de Stede et al., 

2003). 

The second vaccine is the oral immunization of pigs with live attenuated or live wild-

type avirulent E. coli strains carrying the fimbrial adhesins. Such vaccine strains may be 

provided to weaned piglets in the drinking water or to pre-weaned piglets by oral dosing at 

least 1 week before the expected onset of diarrhea. This will stimulate the intestinal 

colonization by these bacteria and induction of local intestinal antibodies which will block 

the adherence of the pathogenic E. coli and then prevent the development of diarrhea. A wild 

range of on-farm study in America has proved a reduced mortality and infrequently use of 

antimicrobials following oal administration of a live non-enterotoxigenic F4 E. coli strain to 

pigs immediately after weaning (Fuentes et al., 2004). Pigs with F18
+
 ETEC colonization on 

the intestinal epithelial are protected against subsequent colonization by a heterologous 

ETEC, which have only the F18 fimbrial antigen same as immunizing strain (Fairbrother et 

al., 2005).  

The third vaccine is the oral administration of purified fimbriae, instead of the whole 

bacteria. The use of such vaccine results in a specific mucosal immune response in the 

intestines and may cause a significant decrease in fecal excretion of the pathogenic E. coli. 
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Previous experiments revealed that oral immunization of weaned piglets with purified F4 

fimbriae induces an F4-specific systemic and mucosal immune response protecting these 

piglets against a subsequent F4
+
 ETEC challenge (Van de Broeck et al., 1999). However, 

Verdonck et al. (2007) showed that it is difficult to induce protective immunity against F18
+
 

E. coli using purified F18 fimbriae, because the induced F18-specific immune response was 

directed towards the major subunit FedA and weakly towards the adhesive subunit FedF 

which results a low response against the adhesin.  

3.4.3 Zinc oxide and organic acids 

 Zinc is proved to play an important role in maintaining the epithelial barrier integrity  

and function (Vallee and Falchuk, 1993), and lots of studies demonstrated that ZnO is the 

best zinc source for improving pig growth and performance (Hahn and Baker, 1993; Carlson 

et al., 1998; Li et al., 2001). Roselli et al. (2003) showed that treatment of Caco-2 cells with 

ZnO is able to protect enterocytes from the membrane damage induced by ETEC F4 

infection through mechanisms that are not belong to an antibacterial activity of ZnO. In 

addition, treatment of cells with ETEC had increased tight junction permeability and low 

level of ZnO (0.2 mM) was effective to inhibit the ETEC-induced membrane damage. Nusrat 

et al. (2000) indicated that the protective action of ZnO was not due to its supposed 

antibacterial activity, and the modulation of inflammatory cytokines by ZnO could play a 

role in maintaining tight junction function and structure. 

Hydrochloric acid which is secreted by the stomach acts as an antimicrobial molecule 

and contributes to the gut barrier against pathogens. However, at weaning, the interruption of 
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milk suckling reduces natural acidification. Thus, dietary addition of organic acids is needed 

to help increasing the control of microorganisms in the stomach and intestine. Improvements 

in growth rate and feed efficiency have been observed after weaning by providing starter 

diets with a prue organic acids or mixtures of organic acids and/or their salts (Ravindran and 

Kornegay, 1993; Kyriakis et al., 1996; Tsiloyiannis et al., 2001). During an outbreak of 

PWD, various organic acids were able to relieve the incidence and severity of diarrhea and 

exclude the presence of F4 ETEC in the intestine (Tsiloyiannis et al., 2001). 

3.4.4 Spray-dried plasma protein and specific egg yolk antibodies 

Feeding of spray-dried porcine blood plasma (SDPP) to pigs, which is similar with 

the feeding of milk from sows in late lactation, had an inhibitory effect on intestinal 

colonization. Owusu-Asiedu et al. (2002) showed improved weight gains and lower 

frequency of ETEC-associated scours in early weaned pigs fed on an SDPP-based diet, which 

were partly associated with the presence of specific anti-ETEC antibodies in the SDPP. Bosi 

et al., (2004) found that a non-mediated SDPP diet improved growth performance, protected 

F4-receptor positive pigs against ETEC infection, inhibited ETEC excretion and reduced the 

E. coli-induced inflammatory response of pigs. However, the use of SDPP is not cost-

effective for the control of PWD in pig production and is banned in EU as an animal origin 

sub-product. 

The chicken egg yolk is a source of IgY antibodies which is relatively inexpensive 

(Marquardt et al., 1999). Egg yolk antibodies (EYA) from laying hens hyperimmunized with 

specific bacterial fimbrial antigens have been proposed as an effective means for controlling 
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diarrhea in early weaned pigs (Kim et al., 1999). Marquardt et al. (1999) demonstrated that 

weaned pigs fed with EYA from chickens immunized with purified F4 showed only 

temporary diarrhea and no mortality, whereas control piglets showed severe diarrhea, 

dehydration, and mortality following challenge with an F4
+
 ETEC. Kiarie et al. (2009) found 

that pigs fed EYA-diets had higher villus height to crypt depth ratio and lower ileum pH 

compared to control pigs following an orally challenged with F4
+
 ETEC, which were related 

with higher absorption efficiency and healthy intestine environment. On the other hand, some 

studies observed no difference in the incidence of diarrhea or mortality among pigs with 

EYA-diet and control pigs under routine management conditions in commercial farms with 

PWD problems (Friendship, 2002; Chernysheva et al., 2003). Further studies are needed to 

find out the economic feasibility of the use of egg yolk containing specific antibodies. 

3.4.5 DFM 

 Recently, DFM have been defied as preparations containing living microorganisms 

that positively influence the colonization and composition of gut microflora and have a 

stimulating effect on the digestive processes and the immunity of the host (Fuller, 1992). And 

they are proved to be effective in preventing the intestinal cells against pathogenic ETEC and 

avoid inflammatory process (Roselli et al., 2005).  

 Previous studies showed the function of several types of DFM on pigs with PWD. 

Zhang et al. (2010) indicated that Lactobacillus rhamnosus GG (LGG) was effective in 

ameliorating diarrhea in post-weaning piglets induced by E. coli F4, possibly via modulation 

of intestinal microflora, enhancement of intestinal antibody defence, and regulation of 
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production of systemic inflammatory cytokines. Feed supplemented with bacillus toyoi or B. 

licheniformis reduce the incidence and severity of diarrhea, as well as the number of 

enterococci and coliforms, especially ETEC in the intestine (Kyriakis et al., 1999). Jin and 

Zhao (2000) found that E. faecium is able to inhibit the adhesion of ETEC F4 to the intestinal 

mucus where receptors for adhesive fimbriae of ETEC F4 are present.  

 However, there were some researches showed that these DFM are ineffective when 

individually added to the feed (Broom et al., 2005; Taras et al., 2006). In addition, Sanders 

and Huis in’t Veld (1999) proposed that multi-strains and multi-species DFM to be more 

effective than mono-strain DFM due to the specific health effects based on genera, species 

and strain. Huang et al. (2004) indicated that the complex Lactobacilli preparation improved 

pigs’ performance for two weeks after weaning, enhanced resistance to E. coli infection, and 

improved microbial balance in the GI tract. Lema et al. (2001) showed supplementing Lambs 

with multispecies of DFM including L. acidophilus, E. faecium, L. casei, L. fermentum, and 

L. plantarum are more effective in reducing fecal E. coli O157:H7 shedding compared with 

monostrain of Lactobacilli or Enterococci.   
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4. Scope of thesis 

 There are two different studies in this thesis focus on aflatoxin and enterotoxigeic 

Escherichia coli, respectively.  

 The first study aimed to investigate how low level of AF in the diet affects newly 

weaned pigs’ growth performance and health status, and the supplementation of yeast cell 

wall based feed additive in prevention of the mycotoxicosis. The second study aimed to 

determine orally challenge of F18
+
 ETEC on the growth performance and health status of 

newly weaned pigs, and the supplementation of  direct-fed microbial, which includes 

Lactobacillus, Bifidobacterium, and Enterococcus, in prevention of  the post-weaning 

diarrhea caused by ETEC. 
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Table 1. European Union regulations for aflatoxins (FAO Food and Nutrition Paper No. 81, 

2004) 

Feed AfB1 (µg/kg)  

Feed (exceptions below) 50 

Groundnuts, copra, palm kernel,cottonseed, babasu, maize  

     and products derived from processing thereof  

20 

Complete feedstuff for pigs and poultry 20 

Complete dairy feed 5 

Complete feed for lambs and calves 10 

Other complete feedstuffs 10 

Complementary feedstuffs for cattle, sheep, goats 

     (except dairy, calves and lambs) 

50 

Complementary feedstuffs for pigs and poultry  

     (except for young animals) 

30 
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Table 2. U.S. Food and Drug Administration advisory levels for deoxynivalenol in wheat 

and drived products and other trains (FDA) 

Product Concentration (μg/g)  

Finished wheat products for human consumption 1 

Grain and grain by products destined for swine and other 

    animals (except cattle and chickens), not to exceed 20% of 

    diet for swine (40% for other species) 

5 

Grain and grain byproducts for beef, feedlot cattle older than 

    4 months and chickens; not to exceed 50% of the diet. 

10 
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Table 3. European Union regulations for Deoxynivalenol (FAO Food and Nutrition Paper 

No. 81, 2004) 

Product 

Concentration 

(μg/kg)  

Cereal products as consumed and other products at retail stage 500 

Flour used as raw material food products 750 
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Table 4. European Union regulations for fumonisins (FAO Food and Nutrition Paper No. 81, 

2004) 

Product Concentration (μg/kg) 

Unprocessed maize 2000 

Maize grits, meal and flour 1000 

Maize-based food for direct consumption except maize grits, 

    meal, flour and processed maize-based foods for infants and 

    young children and baby food 

400 

processed maize-based food for infants and young children and 

    baby food 

200 
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Table 5. U.S Food and Drug Adminishtration guidelines for fumonisins in human food and 

animal feed (FDA) 

 

Concentration total 

fumonisins (μg/g) 

(FB1, FB2, FB3) 

Human foods 

 Degermed dry milled corn products 2 

Whole/partially degermed dry milled corn product 4 

Dry milled corn bran 4 

Cleaned corn intended for mass production 4 

Cleaned corn intended for popcorn 3 

  Corn and corn byproducts for animals 

 Equids and rabbits 5 < 20% diet 

Swine and catfish 20 < 50% diet 

Breeding ruminants, poultry, mink, dairy cattle, laying hens 30 < 50% diet 

Ruminants > 3 mons. Before slaughter andmink for pelts 60 < 50% diet 

Poultry for slaughter 100 < 50% diet 

All other livestock and pet animals species 10 < 50% diet 
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Table 6. EU regulations for zearalenone (FAO Food and Nutrition Paper No. 81, 2004) 

Product Concentration (μg/kg) 

Unprocessed cereals other than maize 100 

Unprocessed maize 200 

Cereal flour except maize flour 75 

Maize flour, meal, grits, and refined maize oil 200 

Bread, pastries, biscuits, other cereal snacks and breakfast 

    cereals 

50 

Maize snacks and maize-based breakfast cereals 50 

Processed maize-based foods for infants and young children 20 

Other processed cereal-based foods for infants and young 

    children and baby food 

20 
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Table 7. EU regulations for ochratoxin A (FAO Food and Nutrition Paper No. 81, 2004) 

Product Concentration (μg/kg) 

Raw cereal grains 5 

All products derived from cereals intended 

for 

    direct human consumption 

3 

Dried vine fruit (currants, raisins and 

sultanas) 10 
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Table 8. Fimbrial and afimbrial adhesins of enterotoxigenic E. coli (ETEC) of aminals (Nagy and Fekete, 2005) 

Adhesin/variants/ diameter 

(mean 

nm) 

Subunit 

size 

(kDa) 

localization 

of genes 

Mannose 

sensitivity 

Associated 

O-type 

Receptor 

F4 (K88)/ab, ac, 

ad/ 

2.1 27.6 Plasmid MR O8, O141, 

 O149 

Sialo-glycoprotein 

F5 (K99) 5 16.5 Plasmid MR O8, O20, 

 O101 

Glycolipid 

(NeuGC- 

GM3) 

F6 (987P) 7 17.2 Plasmid MR-NH O9, O20 Glycoprotein/lipid  

(sulphatide) 

F17 (Fy) 3.4 20 Chromosome MR O101 Glycoprotein 

F18/ab, ac/ 3.5 17 Plasmid MR-NH O139, 

O141, 

 O147, 

O157 

Glycoprotein 

F41 3.2 29 Chromosome MR O101 Glycoprotein 

F43 ? 32 Plasmid MR ? Glycoprotein 

F165 4-6 17.5, 19 Chromosome MR O115 Glycoprotein 

AIDA
a
 NA 100 Plasmid NA O26 Glycoprotein 

    MR: mannose resistant; NH: non-hemagglutinating; NA: non-

applicable. 

      
a
Afimbrial. 
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Table 9. O serogroups most frequently implicated as enterotoxigenic E. coli that cause 

postweaning diarrhea in pigs (Fairbrother et al., 2005) 

O 

serogroup 

Associated  

fimbrial antigens 

Associated H  

antigens 

Comments 

8 

F4ab(K88ab), 

F4ac(K88ac) H19 

Less common than in earlier 

years 

138 F18, F4ac* H–, H4 Sometimes Stx2e+ 

139 F18 H19 

Most commonly associated with 

ED 

141 F18, F4ab, F4ac H4 Sometimes Stx2e+ 

147 F4ac, F18 H6, H19 Sometimes Stx2e+ 

149 F4ac, F18* 

H10, H19, H43, 

H– Occasionally Stx2e+ 

157 F4ac H19, H43 Occasionally Stx2e+ 

*Infrequently. 
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                        Aflatoxin B1                                                      Deoxynivalenol 

                   

                                        Fumonisin B1 

                               

                   Zearalenone                                                                   Ochratoxin A                                                             

 

Figure 1. Structures of the major mycotoxins (Chaytor et al., 2011a) 
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CHAPTER 2 

EFFICACY OF YEAST CELL WALL BASED FEED ADDITIVE IN PREVENTION 

OF MYCOTOXICOSES ON PIGS FED A DIET WITH AFLATOXIN UNDER THE 

REGULATORY LEVEL 
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Abstract 

  The objective of this study was to investigate the effect of corn naturally 

contaminated with aflatoxin under the regulatory level on the growth performance and health 

of nursery pigs, and the efficiency of a yeast cell wall based feed additive mainly composed 

of β-glucans and mannan oligosaccharides (MOS) (Integral A+, Alltech, Lexington, KY) in 

prevention of mycotoxicoses. Pigs (60 barrows and 60 gilts at 6.02 ± 0.83 kg BW) were 

randomly allotted to 4 treatments in a randomized complete block design based on a 2 x 2 

factorial arrangement with 10 pens (5 barrow and 5 gilt pens) per treatment and 3 pigs per 

pen. Pigs were fed experimental diets for 5 wk. First factor was AF (0 or 20 µg/kg in feed) 

and the second factor was Integral A+ (0 or 2 g/kg in feed). Feed intake and body weight 

were measured weekly, and 1 pig representing an average body weight of each pen was bled 

to measure the numbers of blood cells, immunological variables including IgG and TNFα, 

oxidative damage status, and serological evaluation related to liver health. Aflatoxin 

decreased (P < 0.05) the number of platelet count (247.4 to 193.5 x 10
3
/µL), and it also 

tended to increase the level of albumin (P = 0.055, 3.46 to 3.63 g/dL), albumin:globulin ratio 

(P = 0.050, 2.09 to 2.37), and Ca (P = 0.080, 10.79 to 10.97 mg/dL).. Integral A+ increased 

(P < 0.05) ADG (493 to 524 g/d), and ADFI (796 to 846 g/d) of pigs whereas G/F was not 

affected, and it also tended to increase (P = 0.055) albumin level (3.46 to 3.63 g/dL). 

Interactions (P < 0.05) on hemoglobin, hematocrit, and platelet count indicate that Integral 

A+ further increased their levels when pigs were eating AF contaminated feed. Interactions 

(P < 0.05) on urea nitrogen and blood urea N to creatinine ratio indicate that Integral A+ 



 

 

52 

further decreased their levels when feed were contaminated with AF.  In conclusion, low 

level of 20 µg AF/kg under the regulatory level had minor effects on hematology without 

affecting growth performance, however the supplementation of 2 g Integral A+/kg as a 

source of β-glucans and MOS in feed can improve feed intake and therefore the growth of 

pigs. 

Kye words: Aflatoxin, β-glucans, Integral, growth performance, health, MOS, nursery pigs 
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Introduction 

 Corn is the most common and highly recommended energy source in diet applied to 

swine production all over the world. However corn is commonly contaminated with 

mycotoxins under high temperature and drought condition which are the secondary 

metabolites of fungi (Binder et al., 2007). Among 300 toxins found now, aflatoxin is the 

most important one because it can be found everywhere, especially in some areas under dry 

and warm temperature, and it has been regulated by the US Food and Drug Administration 

(Dersjant-Li et al., 2003; Richard, 2007). It is also one of the most common mycotoxins 

found in foods processed for human consumption, such as peanuts, corn, cotton seeds, Brazil 

nuts, pistachios, spices and dry fruits (Council of Agricultural Science and Technology, 

2003). Aflatoxins ingested by animals can result in many problems, including decreased 

growth rates, liver damage and immune suppression (CAST, 2003). As to the effect of 

aflatoxin, it is well known that pigs are one of the most susceptible commodity species, and 

the liver could be considered the best organ for monitoring the pig’s response to AF (Hussein 

and Brasel, 2001; Emma et al., 2005). Most countries limit AF concentration in the corn with 

different levels. Among these, Europe is more stringent on AF limitation which is 20 µg 

AF/kg in corn and pig’s diet. Additively, the regulatory level for nusery pigs in US is also 20 

µg AF/kg in corn. In this study, contaminated corn also contained fumonisin (FUM) because 

corn used was infected by different type of fungi which can share the same environmental 

condition under natural contamination. Fumonisin usually contaminates corn and some other 

grains such as sorghum and rice (Dersjant-Li et al., 2003). And FUM is involved in diseases 

of organ systems such as the brain, lungs, kidneys, and liver (CAST, 2003). However, the 
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concentration of FUM in our corn (1.6 mg FUM/kg) is much less than the regulatory level 

announced by FDA which is 20 mg/kg in swine diet. 

Integral A+ (Alltech, Lexington, KY) is a feed additive mainly based on yeast cell 

wall which mainly contains β-glucans and MOS (Kogan and Kocher, 2007; Yiannikouris et 

al., 2004; Ringot et al., 2005). Green algae are another component of Integral A+ which is a 

large group of algae where the embryophytes emerged. With the improving of biotechnology, 

recent studies revealed more information about the green algal taxa including incorporation 

of emerging genomic and transcriptomic data. The knowledge we have today showed the 

extant green algae are classified into six clades, and four of them include the composition of 

β-glucans or MOS (Becker et al., 1991,1994; Ciancia et al., 2012; Sørensen et al., 

2011,2012). Beta-glucans and MOS can provide binding capabilities to mycotoxins such as 

AF, DON, and ZEA(Spring et al., 2000; Huwig et al., 2001; Kogan and Kocher, 2007), 

reducing mycotoxins absorption to pigs, and thus reducing the damaging effects of 

mycotoxins on the pigs. In addition to the possible binding effects of β-glucans and MOS to 

mycotoxins, it is also shown that β-glucans can alter the balance of interleukin-1 and 

interleukin-1 receptor antagonist to eliminate inflammatory cytokine production which 

results in increased growth performance (Dritz et al., 1995). Whereas the derivations of 

mannans, such as phosphorylated mannans and MOS, have the ability to alter the immune 

response by the binding of mannose to receptors on the macrophage cell surface which will 

enhance macrophage function (Davis, et al., 2004).  

The main hypothesis of this study was that β-glucans and MOS would alleviate the 

damage from AF in pigs and thus the objective was to demonstrate the efficacy of Integral 
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A+ in preventing mycotoxicoses in newly weaned pigs fed diets naturally contaminated with 

AF at the regulatory level. 
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Materials and Methods 

 The protocol for the use of animals in this study was approved by the North Carolina 

State University Animal Care and Use Committee. 

Animals 

 Two hundred and eighty newly weaned pigs (21 d of age, 6.02 ± 0.83 kg) were 

purchased from Smithfield Premium Genetics. They were housed in solid concrete floor 

indoor pens at the North Carolina Swine Evaluation Station (Clayton, NC). The feeding 

period was separated into three phases.  Pigs were acclimation for 12 d (phase 1) with phase 

1 diet (Table 1). Then 60 gilts and 60 barrows were selected based on their body weight and 

health condition.  Subsequently, these 120 pigs were randomly allotted to 4 treatments in a 

randomized complete block design with their body weight and sex as blocks based on a 2 x 2 

factorial arrangement. Each treatment had 10 pens (5 barrow pens and 5 gilt pens) with 3 

pigs per pen. Then they were fed experimental diets (Table 2 and 3) for 5 weeks based on 2 

phases, 2 wk for phase 2 and 3 wk for phase 3. Body weight and feed intake were measured 

weekly on d 0, 7, 14, 21, 28, and 35 for computation of growth performance. 

Experimental Diets 

 In this study, corn contaminated with AF and FUM (Snow Hill, NC) was used in this 

study to achieve targeted concentrations of each mycotoxin. Feeding period was separated 

into 3 phases. Since pigs only acclimated during phase 1, corn contaminated with AF and 

FUM was added in phase 2 and 3. Sampling of corn was completed by obtaining subsamples 
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from at least 10 different locations to obtain accurate mycotoxins concentrations (Munkvold 

et al., 2005; Whitaker et al., 2005; Chaytor et al., 2011a). A feed additive (Integral A+, 

Alltech Inc., Nicholasville, KY) was also added in phase 2 and 3. Aflatoxin in corn was 

measured by North Carolina Department of Agriculture and Consumer Service Food and 

Drug protection Division Laboratory using a testing system. A detection limit was 0.1 µg/kg. 

The calculated value and analyzed value were showed in Table 1, 2 and 3. 

 During phase 1, all the pigs were fed in the same diet for acclimation. In phase 2 and 

3 pigs were fed experimental diets based on 2 x 2 factorial arrangements of the treatments. 

The first factor was AF (0 or 20 µg/kg in feed) and the second factor was Integral A+ (0 or 2 

g/kg in feed). During the 5 wk of feeding period, all pigs had free access to feed and water. 

Concentrations of nutrients met the requirements suggested by NRC (1998). 

Blood Sampling 

 Blood samples were collected via jugular vein from one pig representing the average 

body weight of each pen on d 31. For each pig, the blood sample was collected in two 

different vacutainers (BD, Franklin Lakes, NJ), one containing EDTA (7 mL) to obtain 

whole blood sample for blood cell counting, the other one without anticoagulant (10 mL) 

were used to collect serum for liver function test and cytokine measurements. After 

centrifuging (3,000 x g for 15 min at 4°C), 2 mL of serum samples were collected and 

immediately sent to a commercial laboratory (Antech Diagnostics, Cary, NC) together with 

whole blood sample. The other centrifuged serum samples were collected and stored at -80 

°C until analyzed. 
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Hematological Measurements and Liver Function Test 

 Eosinophils, Hematocrit, hemoglobin, lymphocytes, mean corpuscular hemoglobin 

(MCH), mean corpuscular hemoglobin concentration (MCHC), mean corpuscular volume 

(MCV), monocytes, neutrophils, platelet count, red blood cell (RBC), and white blood cell 

(WBC) were determined using an automated hematology analyzer by the commercial 

laboratory (Antech Diagnostics, Cary, NC). Concentration of albumin to globulin ratio, 

albumin, alkaline phosphatase, alanine aminotransferase, aspartate aminotransferase, blood 

urea nitrogen to creatinine ratio, Ca, Cl, cholesterol, creatine phosphokinase, creatinine, 

globulin, glucose, sodium to potassium ratio, P, K, Na, total bilirubin, total protein, and urea 

nitrogen were measured for determination of liver function by a commercial laboratory 

(Antech Diagnostics, Cary, NC) using a chemistry-immuno analyzer (AU640e, Olympus 

America Inc., Center Valley, PA). 

Immunoglobulin Subset 

 Total concentrations of the immunoglobulin subsets IgG were measured via 

commercial ELISA kits (Bethyl Laboratories, Montgomery, TX) as an indicator of general 

status of humoral immune system. Goat anti-pig IgG was used as capture antibodies to coat 

wells. Then ELISA Blocking Solution (50 mM Tris, 0.14 M NaCl, 1% BSA, pH 8.0) was 

added to complete coating wells. The serum samples were diluted to 1:20,000 for IgG assays, 

respectively. The diluent solution was made by ELISA Blocking Solution mixed with 0.05% 

Tween 20. Horseradish peroxidase goat anti-pig IgG was used as the detection antibody in 

combination with the TMB (3,3’,5,5’-tetramethylbenzidene) enzyme substrate. A solution of 
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0.18 M sulfuric acid (H2SO4) was used as ELISA Stop Solution to stop the enzyme-substrate 

reaction. Absorbance was read at 450 nm using an ELISA plate reader (Synergy HT Multi-

Mode Microplate Reader, BioTek Instruments, Inc., Winooski, VT) and software (KC4 Data 

Analysis Software, BioTek Instruments). Samples were quantified against the standard curve 

constructed with known amounts of pig immunoglobulin subset. Detection limits were 7.8 to 

500 ng/mL for IgG. 

Cytokine Measurement 

 Tumor necrosis factor α (TNFα) was measured using a Porcine TNFα Colorimetric 

ELISA Kit (Pierce Biotechnology, Inc., Rockford, IL) as an indicator of systemic 

inflammation and acute phase reaction. Briefly, 50 µL of standard plus dilute or 100 µL of 

sample was added to microplate wells which were already coated with capture antibody in 

conjunction with biotinylated antibody reagent. Detection occurred by the use of horseradish 

peroxidase, TMB substrate, and a stop solution of 0.18 M H2SO4. Absorbance was read at 

450 nm and 540 nm by an ELISA plate reader and the KC4 data analysis software. Detection 

limit for TNFα was 5 pg/mL.  

Oxidative Damage Status Measurement 

 Malondialdehyde (MDA) content was measured using an OxiSelect TBARS Assay 

Kit (Cell Biolabs, Inc., San Diego, CA) as an indicator of lipid peroxidation (Yeum and 

Krinsky, 2007).  
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Statistical Analysis 

 This study used a randomized complete block design based on 2 x 2 factorial 

arrangements of treatments. Initial BW and sex were blocks. The first factor was AF (0 or 20 

µg/kg) and the second factor was Integral A+ (0 or 2g/kg). Pen was the experimental unit as 

pigs in a pen were group fed. Data were analyzed using the Mixed procedures (SAS Inst. 

Inc., Cary, NC). Probability values less than 0.05 were considered statistically significant and 

between 0.05 and 0.10 as trends. 
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Results 

Growth Performance 

Initial BW of pigs did not differ among treatments. During the first week, BW of pigs 

did not differ among treatments (Table 4). From wk 2 to 5, the presence of AF did not affect 

the BW of pigs whereas the supplementation of Integral A+ increased (P < 0.05) the BW.  

Average daily gain was not affected by the presence of AF during the entire feeding 

process. The supplementation of Integral A+ did not affect ADG at wk 1, 3, and 4. During 

wk 2 and 5, the supplementation of Integral A+ increased (P < 0.05) ADG. From wk 1 to 2, 

wk 3 to 5 and wk 1 to 5, the supplementation of Integral A+ increased (P < 0.05) ADG 

whereas the presence of AF did not affect the ADG of pigs. 

Average daily feed intake was not affected by the presence of AF during the entire 

feeding process. The supplementation of Integral A+ did not affect ADFI at wk 2 and 4. 

During the first week, the factor Integral A+ tended to increase (P = 0.060) ADFI. During wk 

3 and wk 5, the factor of Integral A+ increased (P < 0.05) ADFI. From wk 1 to 2, wk 3 to 5 

and wk 1 to 5, the factor of Integral A+ increased (P < 0.05) ADFI. During the first week, the 

interaction term of the presence aflatoxin and Integral A+ affected (P < 0.05) the ADFI 

where as the presence of Integral A+ further increased ADFI when feed were contaminated 

with AF. The G:F of pigs did not differ among treatments during the entire 5 wk period.  
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Hematological Measurements 

The presence of AF decreased (P < 0.05) the number of platelet count. The 

interaction term of AF and Integral A+ affected (P < 0.05) the hemoglobin, hematocrit and 

platelet count in blood cell counting where as the presence of Integral A+ further increased 

their levels when feed were contaminated with AF.  

Liver Function 

The A/G ratio, and level of albumin and calcium were tended to be increased (P = 

0.050, P = 0.055, and P = 0.080, respectively) by the presence of AF. The supplementation 

of Integral A+ tended to increase (P = 0.055) the albumin level. The interaction term of 

aflatoxin and Integral A+ had effects (P < 0.05) on urea nitrogen and BUN/creatinine ratio 

where as the presence of Integral A+ further decreased their levels when feed were 

contaminated with AF. The interaction term tended to have effects (P = 0.089) on albumin 

level where as the presence of Integral A+ further increased its level when feed were 

contaminated with AF.  

Cytokines 

The levels of IgG, MDA and TNFα did not differ among treatments. 
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Discussion 

In this study, AF was selected as the source of mycotoxins because it is the most 

common mycotoxin and usually found in major feedstuffs, such as corn, barley, and wheat 

(Chaytor et al., 2011a). After consumed by livestock, AF can reduce their feed intake and 

body weight, cause liver damage and immune suppression, and these effects will eventually 

decrease their economic values (van Heugten et al., 1994; Chaytor et al., 2011b).  

Swine are highly susceptible to AF compared to other species. In European Union, 

the regulatory level of AF in the complete feedstuffs for pigs is 20 µg AF/kg (FAO Food and 

Nutrition Paper No.81, 2004). Numerous studies have been conducted by feeding pigs with 

different levels of AF, and they observed decreased BW at concentrations of 140 to 3,000 µg 

AF/kg (Harvey et al., 1989; van Heugten et al., 1994; Marin et al., 2002; Thieu et al., 2008). 

Our research was to investigate the effects of AF on pigs after reduced the concentration to 

20 µg AF/kg. We also wanted to determine the effects of mycotoxin in naturally 

contaminated corn instead of providing a purified form of mycotoxins in the diet. 

Supplementation of purified mycotoxins in diets can be an accurate way to know the effects 

of one particular mycotoxin, however, grains are usually found with more than one 

mycotoxin at one time. The corn used in this study contained AF and FUM, and the 

concentration of FUM in the diet are 1.6 mg FUM/kg. Previous studies shown only a few of 

the pigs fed more than 5 mg FUM/kg had had liver damage (Zomborszky-Kovacs et al., 

2002). In this case, FUM in our diet would not have negative effects on growth performance, 

gut health and liver function.  
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In this study, we also add yeast cell wall based feed additive to see how it would 

prevent the mycotoxicoses on nursery pigs with diet contain 20 µg AF/kg. The three major 

components of this feed additive are β-glucans, mannan oligosaccharides (MOS), and green 

algae. In previous studies, nursery pigs fed diets supplemented with 0.025% β-glucans had 

increased growth performance, which is due to increased ADFI (Dritz et al., 1995). Feed 

intake tended to be increased with 0.03% β-glucans in the diet, without alteration of feed 

efficiency (Hiss and Sauerwein, 2003). Schoenherr et al. (1994) concluded that the optimal 

inclusion level of β-glucans is between 0.025% and 0.05% when fed throughout the nursery 

period. The supplementation of MOS enhanced pigs’ growth performance and feed 

efficiency in different phases after weaning (LeMieux et al., 2001; Davis et al., 2002; 

Rozeboom et al., 2005). Another study found that α-D-mannan can suppress toxic activity of 

mycotoxins probably by interacting with their toxic radical metabolites (Madrigal-Bujaidar et 

al., 2002).  

During the entire research period in our study, pigs fed 20 µg AF/kg did not have 

significant difference in ADG and ADFI comparing to pigs without AF. This result is 

different from the study with the lowest AF concentration in previous trials which is 140 µg 

AF/kg. And in that study van Heugten et al. (1994) found that growth and feed intake were 

decreased by 17.2% and 3.5%, respectively, in pigs fed 140 µg AF/kg. However, the diet 

with 20 µg AF/kg did not affect the efficiency of feed utilization which is similar to previous 

studies (Harvey et al., 1991; van Heugten et al., 1994; Döll et al., 2003). Therefore the 

concentration of 20 µg AF/kg is too low to affect pig’s growth.  
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The feed additive increased pigs BW from wk 2 to 5, and at the end of this study, 

these pigs with the supplementation of Integral A+ had increased BW by 5.2% and 3.8%. 

Average daily gain also increased with the supplementation of Integral A+ by 7.3% and 

5.4%, respectively. And the increasing of BW and ADG are mainly because of the increased 

ADFI. These results were supported by previous studies which investigated the roles of β-

glucans and MOS separately (Li et al., 2006; Dvorak and Jacques, 1998; Miguel et al., 2002; 

Zhao et al., 2012). Li et al. (2006) observed that β-glucans from Saccharomyces cerevisiae 

improved weaning pigs’ ADG with the concentration of 0.005% which is much lower than 

the range of 0.025% to 0.05% concluded by Schoenherr et al. (1994). That may indicate that 

the effective range of β-glucans vary with different source. Miguel et al. (2002) reported that 

the efficacy of MOS as a growth promoter has been demonstrated in the early stages of the 

nursery period. However, during the entire period of study, the gain to feed ratio was not 

affected by feed additive. According to the previous studies, MOS can improve feed 

efficiency while β-glucans do not (Miguel et al., 2002; Rozeboom et al., 2005; Hiss and 

Sauerwein, 2003). Therefore, further studies are needed to investigate why this feed additive 

cannot increase feed efficiency. 

To investigate how AF affects inside the body, hematological, serological variables, 

and inflammatory and oxidative status were determined. Platelet count was the only one 

hematological parameter which is decreased (P < 0.05) by the factor of AF, while the others 

were not changed or were too inconsistent to draw conclusions. With the limited information 

available concerning the hematological and biochemical effects of low AF exposure, few 

information about platelet count were mentioned in previous study. Chaytor et al (2011) 
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observed decreased platelet count in diets with combination of supplemental AF and DON in 

nursery pigs, but those data were not statistically significant and the existence of DON will 

also affect the platelet count. Mycotoxin T-2 toxin can inhibit platelet activity, and it can also 

exert an additive inhibitory effect on the platelet aggregation response (Gentry et al., 1987). 

The decreased platelet number in this study may indicate the negative effect of AF on platelet 

activity. 

Serological variables showed minimal effects by AF and feed additive, which is 

similar to the hematological parameters. Albumin to globulin ratio was showed to have 

relationship with contamination level, and it increased when piglets were fed diets contain 

low level of FUM (Rotter et al., 1994). The increase in albumin levels can be explained by 

inadequate water intake which may cause dehydration and affect blood concentration 

(Kaneko et al., 1997). Although no one had studied water consumption as it relates to 

ingestion by swine of a mycotoxins contaminated diet, a reduced water intake was reported 

in mice exposed to DON containing feed (Khera et al., 1984). On the other hand, albumin 

level was shown to have positive correlation with pig’s body weight (Wise et al., 1991). The 

effects on the serum calcium concentration were similar to albumin. However, these 

variables are located within the normal range for nursery pigs, 20 µg AF/kg are not harmful 

to pig’s liver function. 

We did not find any significant difference on TNFα, IgG, and MDA in this study. 

These results were similar to some previous studies with low concentration of mycotoxins. 

Marin et al. (2002) concluded that TNFα was not affected when provided dietary AF at 140 

or 280 µg/kg. Accensi et al. (2006) found that DON at the level from 280 to 840 µg/kg did 
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not affect pig’s IgG concentration. T-2 toxin did not change nursery pigs’ MDA 

concentration with the level from 540 to 2102 µg/kg, and AF with the level of 500 µg/kg also 

did not change piglets’ MDA concentration (Meissonnier et al., 2008; Harper et al., 2010).  
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Conclusion 

Collectively, based on the results of this study, the supplementation of 20 µg AF/kg 

did not affect pigs’ growth performance. However, it had negative effects on platelet count, 

serum albumin and calcium concentrations. Supplementation of yeast cell wall based feed 

additive mainly composed of β-glucans and MOS increased ADG of pigs by increasing 

ADFI, but did not affect the feed efficiency. However, this study was not designed to answer 

why β-glucans and MOS increased ADFI which warrants further research.  
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Table 1. Composition of experimental diets 

  Phase 1          Phase 2                Phase 3 

AF
1
 No 

 
No 

 
Yes 

 
No   Yes 

Integral A+
2
 No   No Yes   No Yes   No Yes   No Yes 

Ingredient, % 

 
 

 

   
 

      

 
 

 

  

Yellow corn 42.1 
 

53.8 53.6 
 

52.8 52.6 
 

65.42 65.22 
 

64.42 64.22 

Soybean meal 25 
 

30 30 
 

30 30 
 

30 30 
 

30 30 

DairyLac 80 20 
 

9 9 
 

9 9 
 

0 0 
 

0 0 

Plasma protein 8 
 

2.5 2.5 
 

2.5 2.5 
 

0 0 
 

0 0 

L-Lys HCl 0.05 
 

0.15 0.15 
 

0.15 0.15 
 

0.1 0.1 
 

0.1 0.1 

DL-Met 0.05 
 

0.05 0.05 
 

0.05 0.05 
 

0 0 
 

0 0 

Salt 2 
 

0.22 0.22 
 

0.22 0.22 
 

0.3 0.3 
 

0.3 0.3 

Vitamin premix
3
 0.22 

 
0.03 0.03 

 
0.03 0.03 

 
0.15 0.15 

 
0.15 0.15 

Mineral premix
4
 0.03 

 
0.15 0.15 

 
0.15 0.15 

 
0.03 0.03 

 
0.03 0.03 

Dical P 

(26Ca18P) 
0.15 

 
1.4 1.4 

 
1.4 1.4 

 
1.4 1.4 

 
1.4 1.4 

Limestone 1.8 
 

0.7 0.7 
 

0.7 0.7 
 

0.6 0.6 
 

0.6 0.6 

poultry fat 0.6 
 

2 2 
 

2 2 
 

2 2 
 

2 2 

Integral A+
2
 0 

 
0 0.2 

 
0 0.2 

 
0 0.2 

 
0 0.2 

Corn AF
5
 0 

 
0 0 

 
1 1 

 
0 0 

 
1 1 

Calculated 

composition 

 

 

  

 

  

 

  

 

  DM, % 91.3 
 

90.5 90.5 
 

90.5 90.5 
 

89.8 89.8 
 

89.8 89.8 

ME, Mcal/kg 3.45 
 

3.42 3.42 
 

3.42 3.42 
 

3.42 3.42 
 

3.42 3.42 

CP, % 22.4 
 

21.1 21.1 
 

21.1 21.1 
 

19.7 19.7 
 

19.7 19.7 

Lys, % 1.45 
 

1.34 1.34 
 

1.34 1.34 
 

1.15 1.15 
 

1.15 1.15 

Cys + Met, % 0.84 
 

0.76 0.76 
 

0.76 0.76 
 

0.66 0.66 
 

0.66 0.66 

Trp, % 0.3 
 

0.26 0.26 
 

0.26 0.26 
 

0.23 0.23 
 

0.23 0.23 

Thr, % 0.98 
 

0.83 0.83 
 

0.83 0.83 
 

0.74 0.74 
 

0.74 0.74 

Lactose sugar 16 
 

7.2 7.2 
 

7.2 7.2 
 

0 0 
 

0 0 

Ca, % 0.91 
 

0.8 0.8 
 

0.8 0.8 
 

0.72 0.72 
 

0.72 0.72 

Available P, % 0.56 
 

0.4 0.4 
 

0.4 0.4 
 

0.33 0.33 
 

0.33 0.33 

Total P, % 0.89 
 

0.72 0.72 
 

0.72 0.72 
 

0.64 0.64 
 

0.64 0.64 

Aflatoxin, µg/kg 0 
 

0 0 
 

20 20 
 

0 0 
 

20 20 

Integral A+, % 0 
 

0 0.2 
 

0 0.2 
 

0 0.2 
 

0 0.2 

Analyzed composition 

  
 

  
 

  DM, % 92.7 
 

91.6 91.4 
 

91.6 91.8 
 

90.5 91.1 
 

90.4 90.5 

CP, % 21.5 
 

20.2 19.6 
 

21.8 19.5 
 

19 20.3 
 

18.6 18.6 

ADF, % 3.15 
 

2.75 2.21 
 

3.48 2.92 
 

2.91 3.35 
 

3.7 3.47 

Ca, % 0.79 

 

0.74 0.83 
 

0.66 0.83 
 

0.73 0.69 
 

0.66 0.69 
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Table 1.  Continued 

P, % 0.86 

 

0.68 0.74 
 

0.67 0.73 
 

0.64 0.64 
 

0.64 0.63 

Aflatoxin
6
, µg/kg 0   0 0   27 39   0 0   36 29 

      1
: Factor AF with the presence of 20 µg AF/kg. 

      2
: Factor Integral A+ with the supplementation of 2 g Integral A+/kg.

  

      3
: Vitamin premix provided the following per kilogram of complete diet: 22,045,000 IU of vitamin A; 

3,306,900 IU of vitamin D3; 66,138 IU of vitamin K; 88 mg of vitamin B12; 15,432 mg of riboflavin; 88,184 mg 

of niacin; 61,729 mg of d-pantothenic acid; 8,818 mg of menadione; 220 mg of biotin. 
      4

: Mineral premix provided the following composition: 1.10% of Cu; 198.0 mg/kg of I; 11.02% of Fe; 2.64% 

of Mn; 198.4 mg/kg of Se; 11.02% of Zn.  
      5

Corn AF: corn naturally contaminated with 20 µg AF/kg and 1.6 mg FUM/kg.  
      6

Aflatoxin in diets were analyzed by a commercial laboratory (Food and Drug Protection Division 

Laboratory, NC) 
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Table 2. Growth performance of pigs fed diets contaminated with AF (0 or 20 μg/kg) and 

supplemented with Integral A+ (0 or 2 /kg) 

AF
1
 No  Yes   P value 

Integral A+
2
 No Yes No Yes 

  

SEM       AF
1 

  Integral   

A+
2 

Interaction 

BW, kg 

  

 

      initial BW 6.0 6.0  6.0 6.0 0.3 0.788 0.993 0.979 

Wk 1 BW 7.6 7.6  7.4 7.8 0.3 0.731 0.189 0.189 

Wk 2 BW 10.6 10.9  10.7 11.2 0.5 0.306 0.036 0.509 

Wk 3 BW 13.8 14.5  14.1 14.7 0.6 0.401 0.025 0.977 

Wk 4 BW 18.2 19.0  18.5 19.1 0.7 0.615 0.039 0.714 

Wk 5 BW 23.1 24.3  23.5 24.4 0.9 0.563 0.007 0.668 

ADG, g 

  

 

      Wk 1 221 221  199 260 26 0.721 0.184 0.185 

Wk 2 430 473  464 481 21 0.134 0.034 0.374 

Wk 1 to 2 326 347  331 371 20 0.298 0.034 0.506 

Wk 3 464 511  486 495 21 0.847 0.085 0.220 

Wk 4 621 650  629 626 27 0.620 0.430 0.318 

Wk 5 700 762  714 763 25 0.664 0.004 0.736 

Wk 3 to 5 595 641  610 628 21 0.935 0.009 0.232 

Overall 487 523  498 525 19 0.559 0.007 0.667 

ADFI, g 

  

 

      Wk 1 425 411  402 491 27 0.146 0.060 0.012 

Wk 2 591 618  604 632 27 0.491 0.159 0.995 

Wk 1 to 2 508 515  503 561 24 0.177 0.040 0.100 

Wk 3 717 806  762 800 35 0.373 0.007 0.250 

Wk 4 985 1051  1018 1023 49 0.939 0.216 0.273 

Wk 5 1225 1315  1226 1316 47 0.966 0.005 0.989 

Wk 3 to 5 976 1057  1002 1046 40 0.715 0.006 0.370 

Overall 789 840  803 852 32 0.417 0.003 0.940 

Gain:feed 

  

 

      Wk 1 0.544 0.534  0.485 0.537 0.076 0.598 0.682 0.560 

Wk 2 0.725 0.771  0.771 0.762 0.021 0.383 0.401 0.206 

Wk 1 to 2 0.645 0.676  0.658 0.659 0.030 0.931 0.481 0.509 

Wk 3 0.648 0.636  0.640 0.621 0.013 0.307 0.200 0.755 

Wk 4 0.631 0.620  0.620 0.617 0.013 0.560 0.565 0.743 

Wk 5 0.573 0.582  0.585 0.581 0.011 0.585 0.791 0.490 

Wk 3 to 5 0.610 0.618  0.610 0.602 0.007 0.568 0.344 0.568 

Overall 0.619 0.625  0.622 0.615 0.008 0.666 0.966 0.376 
1
: Factor AF with the presence of 20 µg AF/kg. 

2
: Factor Integral A+ with the supplementation of 2 g Integral A+/kg.
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Table 3. Hematological measurement of pigs fed diets contaminated with AF (0 or 20 μg/kg) and supplemented with Integral A+ 

(0 or 2 /kg) 

AF
1
 No  Yes   P value 

Integral A+
2
 No Yes 

 
No Yes SEM   AF

1
 Integral A+

2
 Interaction 

Items
3
  

  
 

      
Eosinophils  402.0 475.8  416.0 490.6 96.2 0.843 0.321 0.996 

Hematocrit % 39.86 38.07  37.73 40.52 1.17 0.880 0.642 0.045 

Hemoglobin g/dL 12.17 11.63  11.57 12.36 0.34 0.837 0.685 0.045 

Lymphocytes 7194 6032  7647 6709 1446 0.636 0.393 0.924 

MCH pg 18.80 19.13  19.13 19.94 0.48 0.205 0.208 0.587 

MCHC g/dL 30.54 30.51  30.70 30.52 0.24 0.714 0.639 0.733 

MCV fL 61.58 62.70  62.68 65.17 1.66 0.252 0.246 0.652 

Monocytes 782.4 704.7  832.0 852.2 161.0 0.488 0.840 0.727 

Neutrophils 5289 4860  4895 6550 767 0.366 0.391 0.155 

Platelet count 10
3/

µL 267.9 226.9  171.9 215.1 31.8 0.011 0.957 0.035 

RBC 10
6
/µL 6.489 6.081  6.065 6.281 0.188 0.395 0.448 0.127 

WBC 10
3
/µL

  
 13.78 12.02  14.05 14.66 2.07 0.434 0.756 0.518 

       1
: Factor AF with the presence of 20 µg AF/kg. 

       2
: Factor Integral A+ with the supplementation of 2 g Integral A+/kg. 

       3
WBC: white blood cells; RBC: red blood cells; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular 

hemoglobin concentration. 
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Table 4. Biochemical blood assays of pigs fed diets contaminated with AF (0 or 20 μg/kg) and supplemented with Integral A+ (0 

or 2 /kg) 

AF
1
 No  Yes   P value 

Integral A+
2
 No Yes  No Yes SEM AF

1
 Integral A+

2
 Interaction 

Items
1
 

  
 

      
A/G ratio 2.10 2.07  2.23 2.51 0.23 0.050 0.377 0.275 

Albumin g/dL 3.45 3.47  3.47 3.79 0.10 0.055 0.055 0.089 

Alk phosphatase U/L 281.3 272.1  287.6 263.0 15.2 0.255 0.924 0.601 

ALT U/L 26.3 28.7  26.1 28.6 2.2 0.944 0.261 0.982 

AST U/L 30.7 30.3  27.5 28.9 2.2 0.277 0.811 0.668 

BUN/Creatinine Ratio 18.5 14.7  14.2 15.6 1.2 0.146 0.300 0.030 

Calcium mg/dL 10.71 10.86  10.97 10.96 0.11 0.080 0.485 0.425 

Chloride mEq/L 102.4 102.1  102.1 101.9 1.1 0.762 0.762 0.952 

Cholesterol mg/dL 75.9 79.3  80.2 77.2 4.2 0.958 0.772 0.402 

CPK U /L 1112 1177  943 1311 245 0.944 0.383 0.539 

Creatinine mg/dL 0.69 0.66  0.70 0.69 0.03 0.459 0.459 0.710 

Globulin g/dL 1.69 1.71  1.67 1.55 0.92 0.292 0.364 0.302 

Glucose mg/dL 133.2 124.0  124.0 123.6 5.7 0.407 0.407 0.447 

Na/K Ratio 25.7 26.0  26.8 26.2 3.2 0.263 0.794 0.436 

Phosphorus mg/dL 10.95 10.75  10.73 10.82 0.51 0.716 0.790 0.484 

Potassium mEq/L 5.71 5.68  5.50 5.59 0.63 0.304 0.836 0.679 

Sodium mEq/L 143.0 144.0  143.5 143.0 1.3 0.741 0.741 0.324 

Total bilirubin mg/dL 0.13 0.10  0.10 0.10 0.02 0.326 0.326 0.326 

Total protein g/dL 5.14 5.18  5.14 5.34 0.09 0.380 0.192 0.380 
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Urea nitrogen mg/dL 12.6 9.5  9.9 10.6 0.8 0.288 0.116 0.016 

Table 4.  Continued  

      1
: Factor AF with the presence of 20 µg AF/kg. 

      2
: Factor Integral A+ with the supplementation of 2 g Integral A+/kg. 

      3
: A/G ratio: albumin to globulin ratio; AST: aspartate aminotransferase; ALT: alanine aminotransferase; Alk phosphatase: alkaline phosphatase; 

BUN/creatinine ratio: blood urea N to creatinine ratio; CPK: creatine phosphokinase.  
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Table 5. TNFα, IgG, MDA of pigs fed diets contaminated with AF (0 or 20 μg/kg) and supplemented with Integral A+ (0 or 2 /kg) 

AF
1
 No  Yes   P value 

Integral A+
2
 No Yes  No Yes SEM AF

1
 Integral A+

2
 Interaction 

TNFα  (pg/mL) 59.1 61.6  64.2 57.8 7.0 0.896 0.664 0.324 

IgG (mg/mL) 8.60 10.74  11.47 9.64 2.04 0.621 0.928 0.271 

MDA (umol/L) 15.43 14.60  16.81 16.02 1.75 0.394 0.621 0.992 
      1

: Factor AF with the presence of 20 µg AF/kg. 
      2

: Factor Integral A+ with the supplementation of 2 g Integral A+/kg. 
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CHAPTER 3 

EFFICACY OF DIETARY INCLUSION OF DIRECT-FED MICROBIALS IN 

PREVENTING POST-WEANING DIARRHEA CAUSED BY F18-POSITIVE E. COLI 

IN PIGS 
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Abstract 

 The objective of this study was to determine the effect of an oral F18
+
 enterotoxigenic 

Escherichia coli (ETEC) challenge on the growth performance and gut health on newly 

weaned pigs, and the efficacy of direct-fed microbials (DFM, PrimaLac, Star Labs/Forage 

Research, Inc) in preventing of post-weaning diarrhea caused by F18
+
 ETEC. Pigs (16 

barrows and 16 gilts at 6.99 ± 0.33 kg BW) were randomly allotted to 4 treatments (2 × 2 

factorial) with 32 individual pens. Pigs were fed experimental diets for 25 d immediately 

after weaning based on 10-d phase 1 and 15-d phase 2. First factor was oral challenge with 2 

× 10
9
 CFU F18

+
 ETEC on d 13 after weaning and the second factor was DFM (0.15 and 

0.10% for phase 1 and 2, respectively). Body weight and feed intake were measured on d 5, 

9, 13, 19, and 25. Fecal scores were measured on d 2, 3, 5, 9, 12, and daily from d 13. Blood 

samples were taken from jugular vein on d 19 and 24. On d 25, all pigs were euthanized to 

obtain jejunum, ileum, and spleen. Digesta from jejunum, ileum, and colon were also 

obtained to measure pH. Both serum and intestinal tissues were used to measure TNFα and 

MDA. Intestinal tissues were used for histological evaluation. In jejunum, E. coli challenge 

decreased (P < 0.05) crypt depth (241 to 221 µm). On the other hand, E. coli increased (P < 

0.05) crypt depth (255 to 284 µm) in ileum. Fecal scores were increased (P < 0.05) by orally 

E. coli challenge (0.45 to 1.03). The number of pigs with diarrhea was increased (P < 0.05) 

by orally E. coli challenge (1 to 6) from d 13 to 25. Direct-fed microbials increased (P < 

0.05) BW (11.8 to 14.7 kg) and ADG (193 to 308 g/d) by increasing ADFI (354 to 491 g/d), 

whereas G:F was not affected. Direct-fed microbials increased (P < 0.05) crypt depth (223 to 



 

 

78 

239 µm) in jejunum. Interactions (P < 0.05) on villus height and villus height:crypt depth 

indicated that direct-fed microbials further increased villus height and villus height:crypt 

depth when pigs were challenged with E. coli. Interactions (P < 0.05) on serum TNFα 

concentrations on d 19 indicated that DFM further decreased TNFα when pigs were 

challenged with E. coli. Collectively, oral challenge of E. coli increased occurrence of 

diarrhea and caused mild issues on gut morphology. Direct-fed microbial improved growth 

performance by increasing their ADG and ADFI.  

Key words: Escherichia coli, direct-fed microbials, growth performance, gut health, nursery 

pigs, post-weaning diarrhea 
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Introduction 

 Post-weaning diarrhea (PWD) is a severe challenge to the success of swine 

production because it will lead to losses as a result of mortalities and reduced growth rate of 

surviving pigs. Among all the piglets with PWD, approximately 50% of them are attributed 

by the causative agent called enterotoxigenic Escherichia coli (ETEC) (Gyles, 2006). The 

most common ETEC strains which are associated with PWD are F4 and F18 fimibrial type 

(Fairbrother et al., 2005; Zhang et al., 2007). F18 positive Escherichia coli (F18
+
 E. coli) are 

widely spread (Verdonck et al., 2003; Cheng et al., 2005). During the infection process, the 

F18 receptor (F18R) plays a crucial role by mediating the binding of F18 fimbriated bacterial 

to the intestinal epithelium which leads to colonization of the gut and subsequent secretion of 

enterotoxins (Coddens et al., 2007). In previous experiments it was reported that oral 

immunization of weaned piglets with purified F4 fimbriae induced an F4-specific systemic 

and mucosal immune response protecting these piglets against a subsequent F4
+
 ETEC 

challenge (Van den Broeck et al., 1999a, b). However, this method didn’t apply to F18
+
 

ETEC (Verdonck et al., 2007). Currently, prophylactic antibiotics are widely and commonly 

included in the diets for young pigs to prevent ETEC colonization and PWD. However, 

frequent utilization of prophylactic antibiotics induced increased antibiotic resistance among 

ETEC strains which reduced its efficacy in prevention of PWD.   

 Direct-fed microbials (DFM) such as Lactobacillus and bifidobacterium can be good 

alternatives to conventional antibiotics. They are preparations containing living 

microorganisms that positively influence the colonization and composition of gut microflora 

and have a stimulating effect on the digestive processes and the immunity of the host (Fuller, 
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1992). Many studies investigated the efficacy of monostrain or multistrain probiotic microbes 

of the same species or genus (Timmerman et al., 2004). However, Sanders and Huis in’t Veld 

(1999) proposed that multistrains and multispecies DFM to be more effective than 

monostrain DFM due to the specific health effects based on genera, species and strain. In our 

study, the feed additive includes Lactobacillus acidophilus, Lactobacillus casei, 

Bifidobacterium thermophilum and Enterococcus faecium. Lactobacilli are commonly used 

in DFM as they are non-pathogenic and natural inhabitants of the pig’s gastrointestinal tract 

with many beneficial effects (Ewing and Cole, 1994). In healthy pigs, Lactobacilli were the 

predominant bacteria throughout the alimentary tract, however the number of Lactobacilli 

decreased rapidly after weaning pigs at 28 days of age (Huis in’t Veld and Havenaar, 1993). 

Bifidobacteria have been shown to exhibit a protective effect against the devastating effects 

of acute diarrhea disease, and their antagonistic activities against other microbial pathogens 

(Leahy et al., 2005; Servin 2004). They were also proved to play a major role in the 

development and functioning of the intestinal immune system (Arunachalam et al., 2000; 

Chiang et al., 2000; Medici et al., 2004). Enterococcus faecium and E. faecalis are usually 

considered as DFM due to their beneficial health effects including improvement of the 

intestinal immune system in piglets and treatment of diarrhea (Ozawa et al., 1983; Reuter 

1997; Agerholm-Larsen et al., 2000).  

The objective of this study was to investigate the efficacy of dietary supplementation 

of DFM (PrimaLac, Clarksdale, MO) in prevention of post-weaning diarrhea caused by F18-

positive E coli in newly weaned pigs. 
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Materials and Methods 

  The protocol for the use of animals in this study was approved by the North Carolina 

State University Animal Care and Use Committee. 

Animals 

 Thirty two newly weaned crossbred pigs (21 d of age, 16 barrows and 16 gilts) with 

an initial body weight of 6.99 ± 0.33 kg were used in this study. They were randomly allotted 

to 32 pens based on a 2 × 2 factorial arrangement. There are 4 treatments and 8 replicates in 

each treatment. Feeding period included 2 phases. From d 0 to d 9 pigs were fed phase 1 diet, 

and from d 10 to d 25 pigs were fed phase 2 diet. On d 13, half of the pigs were orally 

challenged with E coli. Body weight and feed intake were measured on d 0, 5, 9, 13, 19, and 

25. Fecal score was measured daily after challenge.  

ETEC Challenge Strains 

 Escherichia coli F18-producting strains 2144 (O147: NM, where NM indicates 

nonmotile) and S1191 (O139) were used as challenge strains. Strain S1191 was isolated from 

a pig with edema disease, and strain 2144 was isolated from piglets with PWD. The culture 

of these 2 strains was followed by previous study and the concentration for each strain was 

1×10
9
 CFU (Cutler et al., 2007). This model was used to study F18 ETEC because of our 

previous experience with this infection model, which observed more than 50% incidence of 

diarrhea, and F18 ETEC induces comparable clinical disease, via common pathophysiologic 

mechanisms, in both animals and humans (Cutler et al., 2007; McLamb et al., 2013) 
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Experimental Diets 

 In this study, DFM (PrimaLac, Star Labs/Forage Research, Inc) was the source of 

microorganisms, it contains Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium 

thermophilum and Enterococcus faecium with the concentration of 0.25 × 10
8
 CFU/g for 

each strain. Concentration of DFM in the diets was changed based on different phases, phase 

1 (0.15%) and phase 2 (0.10%). Experimental diets were based on a 2 × 2 factorial 

arrangement of the treatments. The first factor was oral challenge with F18
+
 ETEC (0 or 2 × 

10
9
 CFU on d 13 after weaning), and the second factor was direct-fed microbial (0 or 1 × 10

8
 

CFU/g). Direct-fed microbial was mixed with control diet prior to feeding. During the 25 d 

of feeding period, all pigs had free access to feed and water. Concentrations of nutrients met 

the requirements suggested by NRC (1998). The calculated value and analyzed value were 

showed in Table 1. 

Sampling 

 On d 19 and 24, all the pigs were bled two times from jugular vein to obtain blood 

samples. Blood was collected in vacutainers without anticoagulant (BD, Franklin Lakes, NJ). 

Serum samples were collected after centrifuging (3,000 × g for 15 min at 4°C) and stored at -

80°C until they were analyzed for concentration of malonedialdehyde (MDA) and tumor 

necrosis factor α (TNFα). On d 25, all pigs were euthanized by electric device. Then the 

gastric intestinal tract was quickly removed, and the small intestine was dissected. Middle 

section of jejunum and ileum were isolated, flushed with distilled water. Half of the sections 

was fixed in 10% formaldehyde-phosphate buffer, and kept for microscopic assessment of 
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mucosal morphology. The other half of the sections was then opened for scraping mucosal 

layer of intestine. Mucosa of jejunum and ileum was scraped into a microassay tube and 

frozen in liquid nitrogen. Mucosa samples were then stored in -80°C until analyzing for 

MDA and TNFα concentration. One tube of digesta sample (50 mL) from jejunum, ileum 

and colon were also collected, and digesta pH was measured using pH meter immediately. 

Digesta were directly put on ice, and then stored in -20°C until analyzing. Spleen weight was 

also measured as an indicator of the expression of pro-inflammatory cytokines such as TNFα 

and interleukin-β (Touchette et al., 2002). 

Fecal Scores and Occurrence of diarrhea 

 Fecal Scores were measured using FC score on d 2, 3, 5, 9, 12, and daily from d 13. 

FC score is the mean fecal consistency score: 0, normal feces; 1, soft feces; 2, mild diarrhea; 

3, severe diarrhea. Pigs with a fecal score of ≤ 1 were considered not to have diarrhea 

(Ronald et al., 1999). The occurance of diarrhea was difined as maintaining the fecal score 

which is greater than 1 for 2 consecutive days (Liu et al., 2008). And the No. of pigs with 

diarrhea was observed from d 13 to 19, d 19 to 25, and d 13 to 25. 

Small Intestinal Morphology 

The segments of the 2 small intestinal sections were send to the North Carolina State 

University Histopathology Laboratory (College of Veterinary Medicine, Raleigh, NC, USA) 

to prepare polylysine-coated slides with hematoxylin and eosin (H&E) staining. Then the 

slides were examined under a Sony CCD color video camera attached to a Olympus Van-ox 
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S microscope (Opelco, Washington, DC). Villus height (from the tip of the villi to the 

villous-crypt junction), villus width (width of the villus at the middle of the villus height), 

and crypt depth (from villous-crypt junction to the base of the crypt) were determined (Shen 

et al., 2009). Lengths of 10 well-oriented intact villi and their associated crypt were measured 

in each slide. One person complemented all the analysis of small intestinal morphology.  

Cytokine Measurement 

 The concentration of TNFα was measured in serum and mucosa. Jejunum and ileum 

mucosa was homogenized in PBS containing protease inhibitors and the supernatant was 

collected and analyzed for protein content using a BCA assay (Peace et al., 2011). Then the 

supernatant and serum were measured using a Porcine TNFα Colorimetric ELISA Kit (Pierce 

Biotechnology, Inc., Rockford, IL) as an indicator of inflammation and acute phase reaction. 

Briefly, 50 µL of assay diluent plus 50 µL of standard or sample were added to microplate 

wells which were already coated with capture antibody in conjunction with biotinylated 

antibody reagent. Detection occurred by the use of horseradish peroxidase, TMB substrate, 

and a stop solution of 0.18 M H2SO4. Absorbance was read at 450 nm and 540 nm by an 

ELISA plate reader and the KC4 data analysis software. Detection limit for TNFα was 5 

pg/mL. 

Oxidative Damage Status Measurement 

Malondialdehyde content in serum and mucosa was measured using an OxiSelect 

TBARS Assay Kit (Cell Biolabs, Inc., San Diego, CA) as an index of lipid peroxidation 
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(Yeum and Krinsky, 2007). All the procedures followed manufacturer’s instruction. 

Concentration of MDA in serum was expressed as µmol/L, and concentration of MDA in 

mucosal tissue was expressed as µmol/g. 

Statistical Analysis 

This study used a randomized complete block design based on 2 × 2 factorial 

arrangement treatments. Initial BW and sex were blocks. The first factor was oral challenge 

of F18
+
 ETEC, and the second factor was DFM. One pig was considered as the experimental 

unit. Data, except for No. of pigs with diarrhea were analyzed using the Mixed procedures 

(SAS Inst. Inc., Cary, NC). The No. of pigs with diarrhea was analyzed using Chi-square test 

in SAS software. Probability values less than 0.05 were considered statistically significant 

and between 0.05 and 0.10 as trends. 
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Results 

Growth Performance 

 Initial BW of pigs did not differ among treatments (Table 2). During the entire 

feeding period, body weight was not affected by the factor of E. coli. From d 9 to 13 pig’s 

BW was increased (P < 0.05) in treatments with DFM by 13.7% and 8.4%, respectively, 

without or with E. coli. From d 13 to 19 the supplementation of DFM increased (P < 0.05) 

BW by 20.1% and 17.6%, respectively, without or with E. coli. From d 19 to 25 the 

supplementation of DFM increased (P < 0.05) BW by 28.8% and 20.1%, respectively, 

without or with E. coli.  

 Average daily gain of pigs was not affected by the factor of E. coli during the entire 

feeding period. The factor of DFM did not affect ADF from d 0 to 9 and d 0 to d 13. 

However, from d 9 to 13 the supplementation of DFM increased (P < 0.05) ADG by 104.1% 

and 131.4%, respectively, without or with E. coli. From d13 to 25, the supplementation of 

DFM increased (P < 0.05) ADG by 58.5% and 44.7%, respectively, without or with E. coli. 

During the whole feeding period, the supplementation of DFM increased (P < 0.05) ADG by 

71.4% and 47.9%, respectively, without or with E. coli.  

Average daily feed intake of pigs was not affected by the factor of E. coli during the 

entire feeding period. The factor of DFM did not affect ADFI during the first 13 days. 

However, from d 13 to 19, the supplementation of DFM increased (P < 0.05) ADFI by 

54.3% and 41.3%, respectively, without or with E. coli. From d 19 to 25, the supplementation 

of DFM increased (P < 0.05) ADFI by 43.4% and 39.7%, respectively, without or with E. 
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coli. From d 13 to 25, the supplementation of DFM increased (P < 0.05) ADFI by 47.7% and 

40.5%, respectively, without or with E. coli. And during the whole feeding period, the 

supplementation of DFM increased (P < 0.05) ADFI by 49.0% and 29.0%, respectively, 

without or with E. coli. The G:F of pigs during the whole feeding period did not affected by 

the factor of E. coli or DFM. 

Fecal Scores and Occurrence of diarrhea 

 After challenge, the orally challenge of E. coli increased (P < 0.05) mean fecal 

consistency (FC) score (Table 6). From d 13 to 19, mean FC scores were increased (P < 0.05) 

by 358.1% and 159.1%, respectively, without or with DFM. From d 19 to 25, mean FC 

scores were increased (P < 0.05) by 40.8% and 232.1%, respectively, without or with DFM. 

From the whole challenge period, mean FC scores were increased (P < 0.05) by 166.0% and 

178.9%, respectively, without or with DFM. From the whole feeding period, mean FC scores 

were increased (P < 0.05) by 174.4% and 92.2%, respectively, without or with DFM. Before 

challenge, mean FC scores of pigs were decreased (P < 0.05) in DFM groups (0.88 and 0.86 

vs. 0.25 and 0.63, respectively) from d 0 to 9. However, from d 9 to 13, mean FC score of 

pigs were increased (P < 0.05) in DFM groups (0.38 and 0.14 vs. 0.83 and 0.50, 

respectively).  

 From d 13 to 19 and d13 to 25, the No. of pigs with diarrhea increased (P < 0.05) 

with the orally challenge of E. coli, and from d 19 to 25, the No. of pigs with diarrhea tended 

(P = 0.070) to increase with the orally challenge of E. coli (Table 7).  
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Histological Evaluation 

In jejunum, the supplementation of E. coli decreased (P < 0.05) pig’s crypt depth by 

8.4% and 8.0%, respectively, without or with DFM, and it also tended to decrease (P = 

0.052) the villus height (Table 3). In ileum, the supplementation of E. coli increased (P < 

0.05) pig’s crypt depth by 3.7% and 19.6%, respectively, without or with DFM. In jejunum, 

the supplementation of DFM increased (P < 0.05) pig’s crypt depth by 6.6% and 7.3%, 

respectively, without or with E. coli. In jejunum, the interaction term of E. coli and DFM 

affected (P < 0.05) the villus height and VCR where the presence of DFM further incrased 

their levels when pigs were challenged with E. coli. In ileum, the interaction term of E. coli 

and DFM tended to affect (P = 0.073) the crypt depth where the presence of DFM further 

incrased its level when pigs were challenged with E. coli. 

Inflammatory Cytokine and Oxidative Damage Status 

The interaction term of E. coli and DFM affected (P < 0.05) TNFα level from the 

serum sample taken at d 6 after challenge where the presence of DFM further decrease its 

level when pigs were challenged with E. coli. (Table 4). 

Digesta pH and Organ Weight 

 The interaction term of E. coli and DFM tended to affect (P = 0.067) the digesta pH 

from jejunum where the presence of DFM further incrased its level when pigs were 

challenged with E. coli (Table 5). 
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Discussion 

In current study, we investigated the efficacy of DFM in prevention of PWD caused 

by F18-producing E. coli since this disease has been estimated to be associated for up to 50% 

of the economic losses in the production of weaned pigs (Hani et al., 1976; USDA, 2001). To 

solve this issue, several methods to prevent F18-positive E. coli infections were examined 

(Imberechts et al., 1997; Tsiloyiannis et al., 2001; Nollet et al., 1999; Felder et al., 2000; 

Verdonck et al., 2007), however, none of them had been proved to be totally effective in 

prevention of E. coli infection. And with increasing of antibiotic resistance among ETEC 

strains, more effective alternative therapies are needed.  

Direct-fed microbials which are determined by several previous trials, are considered 

as a potential alternative to conventional antibiotics. Kyriakis et al. (1999) found that 

probiotic containing Bacillus licheniformis reduced mortality caused by ETEC and also 

decreased the incidence and severity of diarrhea in weaned pigs. Alexopoulos et al. (2004) 

showed that Bacillus based DFM can improve pigs’ weight gain and feed conversion ratio 

with the existence of ETEC. Roselli et al. (2006) determined that probiotic containing 

Bifidobacterium animalis and Lactobacillus rhamnosus can reduce adhesion of ETEC to the 

cells.  

In this study, we used DFM as the source of DFM. Previous studies already applied 

this DFM to broilers and turkeys. Chichlowski et al. (2007) found that DFM increased 

metabolic efficiency via changes in intestinal physiology and metabolism. Grimes et al. 

(2008) showed dietary DFM improved turkey performance under oral Salmonella challenge, 
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and reduced Salmonella populations. Rahimi et al. (2009) proved that poultry gut health and 

function, and ultimately bird performance, can be improved by dietary DFM.  

According to my results, the supplementation of E. coli did not affect pigs’ growth 

performance with or without DFM. This result agreed with previous study with same strain 

and same amount of E. coli challenged 5 days after weaning, and pigs were weaned on d 20 

(McLamb et al., 2013). However, in McLamb’s study, growth performance of pigs weaned 

on d 16 and d18 were significantly reduced by E. coli, which indicated that the effect of E. 

coli may related to weaning date. The growth rate including BW, ADG and ADFI in this 

study were increased (P < 0.05) by the supplementation of DFM, which were similar with 

previous studies with same source of DFM on birds (Chichlowski et al., 2007; Grimes et al., 

2008; Rahimi et al., 2009). Dietary supplementation of Lactobacillus acidophilus or multi-

strains of Lactobacillus could significantly improve pigs’ growth rate before and after 

weaning (Premi and Bottazzi, 1974; Kornegay, 1986; Huang et al., 2004). With the limited 

information of Enterococcus faecium and Bidifobacterium thermophilum on the growth 

performance of pigs, we only found that it increased (P < 0.05) weight gain in broiler chick 

(Samli et al., 2007). G:F ratio, which is the indicator of feed efficiency was not affected by 

the supplementation of DFM. In previous studies, the results of feed efficiency were 

inconsistent (Russel and Grimes, 2009; Applegate et al., 2010). However, Rahimi et al. 

(2009) proved that the improved growth performance and feed efficiency were associated 

with greater villus density in the duodenum, jejunum, and ileum in birds. Further studies will 

need to measure villus density for the above three parts in pig in order to find the relationship 

between villus density and feed efficiency in pig. 
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Before oral E. coli challenging (d 0 to 9, d 9 to 13), fecal scores of pigs were 

adversely affected by the supplementation of DFM. However, their scores were less than one 

which was considered as non-diarrhea. After challenging, the fecal scores of pigs in E. coli 

groups were significantly higher than the pigs without E. coli (P < 0.05). The results showed 

that 2 × 10
9
 CFU of F18

+
 ETEC caused mild diarrhea in weaned pigs which agreed with 

previous study using the same model containing same species and amount of F18
+
 ETEC 

(Cutler et al., 2007; McLamb et al., 2013). In treatments with E. coli challenge, we observed 

more than 60% of pigs occurred with diarrhea which is similar with previous study using 

pigs weaned at 23 days of age, but lower than the study using pigs weaned before 20 days of 

ages. The incidence of diarrhea is also related to the weaning age, and the colonization of the 

small intestine by ETEC adhering to the epithelium is usually associated with the digestive 

tract disorders seen in early weaned pigs. 

The structure of the intestinal mucosa can reveal some information on gut health 

status. The villus height usually associates with mucosal surface area and the enterocyte 

absorption of available nutrients (Caspary, 1992). The villus crypt is considered as the villus 

factory, and a deeper crypt indicates fast tissue turnover to permit renewal of the villus as 

needed in response to normal sloughing or inflammation from pathogens or their toxins and 

high demands for tissues (Awad et al., 2009). The renewal of the intestinal epithelium is a 

consequence of a dynamic equilibrium between production of enterocytes in the crypt and 

desquamation in the villi (Willing and Van Kessel, 2007). Changes in small intestinal 

morphology such as shorter villi and deeper crypts have been correlated with the presence of 

toxins like enterotoxins secreted by ETEC (Yason et al., 1987; Anonymous, 1999). 
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Decreased villus height and greater crypt depth may lead to poor nutrient absorption, 

increased secretion in the gastrointestinal tract, diarrhea, reduced disease resistance, and 

lower performance (Xu et al., 2003). Above all, increase in the villus height and villus 

height:crypt depth ratio (VCR) are useful criterions for assessing intestinal health and 

function (Pluske et al., 1997).  

In current study, the changes in ileum agreed with previous study that the orally 

challenge of E. coli increase the crypt depth, which may showed increasing response to the 

inflammation of enterotoxin. However, the changes in jejunum provided opposite results 

against previous studies. The reduced crypt depth in E. coli treatments seemed like there 

were no effects of E. coli on jejunum morphology. Fairbrother et al. (2005) mentioned that 

the colonization of F18
+
 mostly happened in the posterior jejunum and ileum. As I took the 

histology samples from the middle of jejunum, E. coli may not colonize in that area which 

caused different results. Additionally, the supplementation of DFM increased the crypt depth, 

but didn’t affect the VCR. And according to the previous studies, the crypt depth in my study 

located in normal range (Choi et al., 2011; Shirkey et al., 2006; kiarie et al., 2009). That can 

be considered that deeper crypt depth in DFM groups didn’t affect jejunum function and 

health.  

The proliferation of coli form bacteria is strongly related to increased gut pH 

(Mathew et al., 1991). And the role of DFM is to improve gut health and stimulating effect 

on the digestive processes and the immunity of the host by positively influence the 

colonization and composition of gut microflora including modulate gut pH. In case of 

Lactobacillus, it can generate lactic acid which was suggested to have a considerable 
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influence on intestinal microbiota and intestinal health of weaning piglets (Russel and Diez-

Gonzalez, 1998; van Winsen et al., 2001). Wang et al. (2012) showed that Lactobacillus was 

able to reduce the diversity and richness of the microbiota, and the reduction of microbial 

load in the animal intestine could improve animal growth performance by limiting the 

deleterious effects of microbiota towards its host (Richards et al., 2005). Huang et al. (2004) 

found that the supplementation of Lactobacillus in diet significantly reduced E. coli and 

aerobic bacteria counts in stomach, jejunum, ileum, cecum and colon mucosa. In current 

study, there was no difference of pH in jejunum, ileum, and colon among treatments which 

may indicated that DFM are not effective in improving gut health and function. 

It is well know that inflammation is mediated by increased production of pro-

inflammatory cytokines such as TNFα and IL-8. Tumor necrosis factor α is involved in tissue 

damage and may increase the ability of epithelial cells (Bosi et al., 2004). And spleen weight 

was showed to have the ability to upregulate expression of pro-inflammatory cytokines like 

TNFα (Kiarie et al., 2009). MDA was measured as an indicator of lipid peroxidation. In 

current study, the concentrations of TNFα were not different among treatments in both serum 

and mucosal sample. And for the results of spleen weight, there were no statistically 

difference among treatments which may associates with TNFα results. The level of MDA 

also didn’t differ among treatments which showed no lipid peroxidation caused by E. coli.  
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Conclusion 

 In conclusion, based on the results of this study, oral challenge of F18+ ETEC 

increased occurrence of diarrhea without influencing growth performance of pigs. 

Supplementation of DFM increased ADG of pigs with increased ADFI. It also led to a 

greater crypt depth in jejunum. However, this study could not answer reasons of increased 

ADFI by DFM which warrents further research. 
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Table 1. Composition of control diets (P1 Early-wean: first 10 d post-weaning; P2 Pre-

starter: 15 d after P1) 

Ingredient, % Early-wean Pre-starter 

     Yellow corn  37.11 54.41 

     DairyLac 80 25 8 

     Soybean meal 25 30 

     Plasma protein 3 1 

     Fish meal, menhaden 4 2 

     L-Lys HCl 0.23 0.12 

     DL-Met 0.16 0.06 

     L-Thr 0.11 0.02 

     Poultry fat 3.4 2.2 

     Salt 0.22 0.22 

     Vitamin premix
1
 0.03 0.03 

     Mineral premix
2
 0.15 0.15 

     Dical P 1 1.15 

     Limestone 0.6 0.65 

     Total 100 100 

Calculated composition: 

       DM, % 91.8 90.4 

     ME, kcal/kg 3503.2 3437.5 

     CP, % 21 21.2 

     SID Lys, % 1.34 1.19 

     SID Met + Cys, % 0.78 0.68 

     SID Trp, % 0.24 0.23 

     SID Thr, % 0.85 0.73 

     Ca, % 0.92 0.81 

     P, avail, % 0.56 0.4 

Analyzed composition: 

      DM, % 92.83 90.93 

    CP, % 19.71 19.75 

    ADF, % 2.20 2.42 

    Ca, % 0.75 0.71 

    P, % 0.73 0.69 
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Table 1. Continued 

1
: Vitamin premix ) provided the following per kilogram of complete diet: 22,045,000 IU of vitamin 

A; 3,306,900 IU of vitamin D3; 66,138 IU of vitamin K; 88 mg of vitamin B12; 15,432 mg of 

riboflavin; 88,184 mg of niacin; 61,729 mg of d-pantothenic acid; 8,818 mg of menadione; 220 mg of 

biotin. 
2
: Mineral premix provided the following composition: 1.10% of Cu; 198.0 mg/kg of I; 11.02% of Fe; 

2.64% of Mn; 198.4 mg/kg of Se; 11.02% of Zn.  

 



 

 

97 

Table 2. Growth performance of pigs fed diets supplemented with E. coli (0 or 2 × 10
9
 CFU) 

and DFM (0 or 1 × 10
8
 CFU/g) 

E coli
1
 No  Yes 

SEM 

P value 

DFM
2
 No Yes No Yes E coli

1
 DFM

2
 Interaction 

BW, kg 

  

 

         Initial BW 6.99 6.97  6.98 7.03 0.12 0.432 0.681 0.364 

   D 9 7.35 7.92  7.57 7.70 0.54 0.991 0.311 0.520 

   D 13 7.83 8.90  7.98 8.65 0.82 0.908 0.080 0.669 

   D 19 9.45 11.43  9.32 10.96 1.42 0.715 0.038 0.835 

   D 25 11.79 15.19  11.82 14.20 2.22 0.703 0.030 0.684 

ADG, g 

  

 

         D 0 to 9  40 106  66 74 64 0.933 0.314 0.437 

   D 9 to 13 121 247  102 236 77 0.775 0.018 0.937 

   D 0 to 13 65 149  77 124 66 0.853 0.077 0.605 

   D 13 to 19 270 420  223 285 100 0.594 0.054 0.943 

   D 19 to 25 390 636  417 541 137 0.747 0.057 0.535 

   D 13 to 25 330 523  320 463 117 0.616 0.024 0.717 

   D 0 to 25 192 329  194 287 90 0.683 0.030 0.662 

ADFI, g 

  

 

         D 0 to 9 145 207  185 190 51 0.705 0.301 0.381 

   D 9 to 13 258 421  344 383 84 0.704 0.121 0.332 

   D 0 to 13 180 273  234 250 60 0.694 0.185 0.340 

   D 13 to 19 400 617  431 609 133 0.884 0.023 0.811 

   D 19 to 25 624 895  597 834 185 0.689 0.029 0.875 

   D 13 to 25 512 756  514 722 158 0.863 0.022 0.842 

   D 0 to 25 339 505  369 476 106 0.992 0.035 0.637 

Gain:feed 

  

 

         D 0 to 9 -0.547 0.470  0.439 0.439 0.585 0.359 0.331 0.331 

   D 9 to 13 0.576 0.595  0.354 0.588 0.109 0.263 0.219 0.292 

   D 0 to 13 0.263 0.536  0.400 0.534 0.188 0.642 0.175 0.634 

   D 13 to 19 0.733 0.692  0.467 0.660 0.104 0.146 0.447 0.251 

   D 19 to 25 0.659 0.701  0.742 0.649 0.049 0.742 0.597 0.166 

   D 13 to 25 0.699 0.697  0.674 0.658 0.030 0.183 0.712 0.770 

   D 0 to 25 0.634 0.651  0.603 0.626 0.024 0.231 0.386 0.916 
1:

 Oral E. coli challenge on d 13 with the concentration of 2.0 × 10 
9
 CFU. 

2
: Direct-fed microbials which is the source of DFM with the concentration of 1.0 × 10

8
 CFU per gram, and 

were added 0.15 % and 0.1 % in phase 1 and phase 2 diet. 
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Table 3. Fecal Score of pigs fed diets supplemented with E. coli (0 or 2 × 10
9
 CFU) and 

DFM (0 or 1 × 10
8
 CFU/g) 

E coli
1
 No   Yes 

SEM 

P value 

DFM
2
 No Yes   No Yes E coli

1
 DFM

2
 Interaction 

FC score
3
 

           D 0 to 9 0.25 0.88 

 

0.63 0.86 0.18 0.305 0.022 0.261 

  D 9 to 13 0.83 0.38 

 

0.50 0.14 0.19 0.141 0.041 0.785 

  D 0 to 13 0.67 0.55 

 

0.60 0.46 0.19 0.664 0.483 0.943 

  D 13 to 19 0.31 0.44 

 

1.42 1.14 0.26 0.002 0.774 0.418 

  D 19 to 25 0.71 0.28 

 

1.00 0.93 0.22 0.039 0.248 0.404 

  D 13 to 25 0.47 0.38 

 

1.25 1.06 0.21 0.002 0.478 0.799 

  D 0 to 25 0.39 0.51   1.07 0.98 0.17 0.003 0.917 0.520 
1
: Oral E. coli challenge on d 13 with the concentration of 2.0 × 10 

9
 CFU. 

2
: Direct-fed microbials which is the source of probiotics with the concentration of 1.0 × 10

8
 CFU per 

gram, and were added 0.15 % and 0.1 % in phase 1 and phase 2 diet. 
3
: Mean fecal consistency score: 0, normal feces; 1, soft feces; 2, mild diarrhea; 3, severe diarrhea, 

whereas the FC score greater than 1 is considered as diarrhea.  
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Table 4. Number of pigs with diarrhea fed diets supplemented with E. coli (0 or 2 × 10
9
 

CFU) and DFM (0 or 1 × 10
8
 CFU/g) 

E coli
1
 No   Yes 

 

P value 

DFM
2
 No Yes   No Yes   E coli

1
 DFM

2
 

No. of pigs with 

diarrhea after 

challenge (FC Score
3
) 

        D 13 to 19 0/8 (0.31) 0/8 (0.44) 

 

5/8 (1.42) 4/8 (1.14) 

 

< 0.001 0.694 

D 19 to 25 1/8 (0.71) 0/8 (0.28) 

 

2/8 (1.00) 3/8 (0.93) 

 

0.070 1.000 

D 13 to 25 1/8 (0.39) 0/8 (0.38) 

 

5/8 (1.25) 5/8 (1.06) 

 

0.001 0.710 
1
: Oral E. coli challenge on d 13 with the concentration of 2.0 × 10 

9
 CFU. 

2
: Direct-fed microbials which is the source of probiotics with the concentration of 1.0 × 10

8
 CFU per 

gram, and were added 0.15 % and 0.1 % in phase 1 and phase 2 diet. 
3
: Mean fecal consistency score: 0, normal feces; 1, soft feces; 2, mild diarrhea; 3, severe diarrhea, 

whereas the FC score greater than 1 is considered as diarrhea.  
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Table 5. Villus height, width, crypt depth and villus height to crypt depth ratio from jejunum 

and ileum of pigs fed diets supplemented with E. coli (0 or 2 × 10
9
 CFU) and DFM (0 or 1 × 

10
8
 CFU/g) 

E coli
1
 No   Yes   P value 

DFM
2
 No Yes   No Yes sem E coli

1
 DFM

2
 Interaction 

Jejunum (µm) 

        Villus height 452.62 411.64 

 

376.49 416.54 20.68 0.052 0.979 0.030 

 Villus width 120.90 111.82 

 

110.48 111.34 4.28 0.144 0.365 0.180 

 Crypt depth 232.83 248.28 

 

213.34 228.86 8.74 0.012 0.039 0.996 

 VCR
3
 1.95 1.66 

 

1.77 1.82 0.07 0.908 0.092 0.017 

Ileum (µm) 

       Villus height 326.96 319.36 

 

346.07 333.43 15.68 0.268 0.493 0.864 

 Villus width 100.58 97.21 

 

98.67 105.10 5.40 0.501 0.728 0.286 

 Crypt depth 265.10 244.55 

 

275.03 292.45 10.35 0.010 0.876 0.073 

 VCR
3
 1.24 1.31   1.26 1.15 0.06 0.224 0.721 0.107 

1
: Oral E. coli challenge on d 13 with the concentration of 2.0 × 10 

9
 CFU. 

2
: Direct-fed microbials which is the source of probiotics with the concentration of 1.0 × 10

8
 CFU per 

gram, and were added 0.15 % and 0.1 % in phase 1 and phase 2 diet. 
3
: Villus height to crypt depth ratio.  
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Table 6. Inflammatory cytokines and oxidative status in serum and mucosa tissue of pigs fed 

diets supplemented with E. coli (0 or 2 × 10
9
 CFU) and DFM (0 or 1 × 10

8
 CFU/g) 

E coli
1
 No   Yes   P value 

DFM
2
 No Yes   No Yes SEM E coli

1
 DFM

2
 Interaction 

Jejunum 
            MDA, µmol/g 30.46 33.45 

 
30.46 27.16 4.04 0.426 0.967 0.426 

   TNFα, pg/mg 65.43 58.07 
 

60.95 73.34 10.2 0.586 0.799 0.324 

Ileum 
            MDA, µmol/g 33.56 28.99 

 
34.13 25.68 4.22 0.726 0.11 0.624 

   TNFα, pg/mg 85.04 91.15 
 

72.84 73.37 12.49 0.171 0.753 0.796 

Serum 
            MDA

3
, µmol/L 9.4 9.86 

 
11.21 10.27 0.79 0.127 0.726 0.332 

   MDA
4
, µmol/L 10.16 9.77 

 
9.91 9.36 0.66 0.605 0.454 0.894 

   TNFα
3
, pg/mL 81.02 90.94 

 
87.46 66.17 6.37 0.147 0.361 0.019 

   TNFα
4
, pg/mL 54.3 50.06   51.88 50.15 4.93 0.769 0.46 0.753 

1:
 Oral E. coli challenge on d 13 with the concentration of 2.0 × 10 

9
 CFU. 

2
: Direct-fed microbials which is the source of DFM with the concentration of 1.0 × 10

8
 CFU per 

gram, and were added 0.15 % and 0.1 % in phase 1 and phase 2 diet. 
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Table 7. Digesta pH and spleen weight of pigs fed diets supplemented with E. coli (0 or 2 × 

10
9
 CFU) and DFM (0 or 1 × 10

8
 CFU/g) 

E coli
1
 No  Yes   P value 

DFM
2
 No Yes  No Yes SEM E coli

1
 DFM

2
 Interaction 

pH 

  

 

      Jejunum 6.85 6.42  6.71 6.84 0.19 0.354 0.321 0.067 

Ileum 6.83 6.54  6.45 6.54 0.13 0.138 0.420 0.146 

Colon 6.31 6.30  6.20 6.02 0.16 0.202 0.505 0.571 

Weight, g 

  

 

      Spleen  21.11 24.17  21.18 20.67 2.09 0.388 0.520 0.371 
1:
 Oral E. coli challenge on d 13 with the concentration of 2.0 × 10 

9
 CFU. 

2
: Direct-fed microbials which is the source of DFM with the concentration of 1.0 × 10

8
 CFU per 

gram, and were added 0.15 % and 0.1 % in phase 1 and phase 2 diet. 
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CHAPTER 4 

GENERAL CONCLUSION 
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 Gut health of pigs during the starter phase is tightly associated with their growth 

performance and economic values. Aflatoxin, which is highly effective in reducing growth 

rate and damaging immune system of pigs, had been proved to strongly affect the swine 

production all over the world. Aflatoxin levels from 140 µg/kg to 3,000 µg/kg had been 

showed to negatively affect pigs’ health, however the concentration lower than 140 µg/kg 

have not been investigated. Mannan oligosaccharides and β-glucans as growth promoters had 

been proved to be effective in clean diets or other types of gut health challenge. Additively, 

they have the abilities to enhance immune function. In the first study, increased feed intake 

of pigs fed diets containing Integral A+ agreed with the previous results. However, the low 

level of AF did not influent pig’s health which made it unclear that if Integral A+ still 

effective under higher concentration of AF challenge.  

 Another wild concernd problem on gut health during weaning is PWD caused by E. 

coli. Among different species of E. coli, ETEC are the most common strains that correlated 

to PWD. Antibiotics used to be the most effective way to prevent PWD, however, with the 

higher resistence to the antibiotics observed in E. coli strains, alternatives were strongly 

needed. Direct-fed microbial containing four strains of microorganism had been determined 

in chicken and turkeys to be effective in prevention some gut health challenge including 

ETEC. In the second study, half of the pigs with F18+ ETEC challenge were obersved with 

diarrhea, and also the overall fecal scores of pigs in the presence of F18+ ETEC were 

increased. Other than fecal score, F18+ ETEC only had minor effects on pigs’ intestine 

morphology without affecting their growth performance. The supplementation of DFM 
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increased pigs’ growth performance by increasing their feed intake, however, it cannot 

improve pig’s diarrhea and intestine morphology under the challenge of F18+ ETEC.  

 For both studies, further studies are required since the current studies were not aimed 

to determine how these two feed addtives improve pigs’ feed intake. 
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