
ABSTRACT 
 

SPRUILL, JANNA FRANKLIN.  Novel Pre-harvest Approaches to Control Enteric Food-borne 
Bacteria in Poultry.  (Under the direction of Dr. Jesse Grimes and Dr. Brian Sheldon). 
 

It is well known that two of the most common microorganisms associated with food-

borne illnesses are Campylobacter jejuni (C) and Salmonella Typhimurium (S) serotypes which 

are readily found in poultry house environments.  The primary focus of this study was on novel 

pre-harvest methods to control food-borne bacteria in poultry.  In a tolerance study, 198 1-wk old 

turkey poults were placed in 6 pens were banded, weighed and then gavaged with 0.1, 0.5 or 1.0 

mL of different polystyrene core aqueous suspensions.  There were no significant differences in 

BW gains due to the polystyrene cores at 1, 3, and 6 wk.  Study 2 utilized an in vitro protocol to 

examine BN (biofunctionalized nanoparticles)-bacterial aggregation activity.  Population 

reductions were observed between the control and BN and C mixtures for BN treatments #1 

(mannose tether) and #2 (tyr-gly-gly peptide tether).  In study 3, five experimental treatments (3 

birds/treatment) were evaluated: a control; 1 or 2 mL gavage of BN; and 1 or 2 mL gavage of a 

10% mannose solution.  The GI (gastrointestinal) tract C populations recovered following the 

mannose treatments were significantly higher than the control populations.  In addition, it was 

observed that when the mannose concentration was increased to 20%, fecal C populations 

declined by 0.73 log.  Study 4 (3d duration) was divided into 2 trials.  Four, 4-wk old control 

broilers received no oral treatment, whereas 16 experimental birds (4/cage) were gavaged with 1 

of 4 BN treatment doses (1, 2, 4 or 8mL) on d2.  Trial 2 consisted of 2 treatment groups (16 

birds/treatment, 4 birds/cage):  MIX (a mixture of 1 mL/bird of 105 CFU/mL of C and 1, 2, 4 or 

8mL of BN) and CBN (1 mL/bird of 105 CFU/mL C- challenge prior to administering 1, 2, 4 or 

8mL of BN).  On d1, both the MIX treatment and the C-challenge of the CBN treatment were 

administered.  The volumes of BN were gavaged on d2 (CBN treatment).  On d3, all birds were 



euthanized and samples (fecal, cecal and GI) were aseptically taken, blended, diluted, plated 

(50µL) onto Campy Cefex® agar and incubated.  In trial 1, no significant differences in C 

populations were observed between the BN and control treatments.  In trial 2, significant 

differences in C populations recovered from the ceca and GI were detected between the pooled 

MIX and CBN treatment data.  Treatment dose influenced the recovery of fecal C populations 

for both the MIX and CBN treatment.  Both increases and decreases in C populations were 

observed.  However, any increase or decrease in populations is subject to a great deal of 

speculation as to the BN’s exact mechanism of action.   

Immustim® (I) and Protimax® (P) were observed to test for reductions in the populations 

of S and C in the GI tract of broilers by feeding a diet supplemented with either a beta-1,3/1,6-

glucan (I) or a spray-dried egg product from hens immunized against Salmonella (P).  Neither 

feed treatment affected broiler GI tract S or C populations.  However, improved bird 

performance (633g-690g) was observed for non-challenged birds fed I.  S-challenged birds also 

showed improvement in BW (635g-691g) and FC (1.62-1.44) at 20g/ton of I, while birds 

challenged with C showed improved FC (1.69-1.45) when fed 40g/ton.  The addition of P 

resulted in reduced bird growth (805g-770g) for C-challenged birds.  P improved cumFC (1.27-

1.20) for S-challenged birds, but had a negative impact on non-challenged and C-challenged 

birds.  Overall, supplementing with dietary I was more effective and had a greater impact on bird 

performance than did P. 
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LITERATURE REVIEW 
 

INTRODUCTION 

Two of the most common microorganisms associated with food-borne illnesses are 

Campylobacter jejuni and Salmonella serotypes which are readily found in poultry house 

environments.  The repeated implication that poultry products are a significant source of food-

borne disease organisms has scientists examining methods of reducing bacteria at the farm level.  

The purpose of this study was to examine the on-farm use of developmental and commercial 

products to control food-borne bacteria in poultry.   

The United States has one of the safest food systems in the world.  However, food-borne 

infections are a major public health concern.  Annually, 76 million people are estimated to 

become ill from food-borne agents in which 325,000 hospitalizations and 5,000 deaths occur in 

the United States alone (Mead et al., 1999).  Of the 76 million illnesses, 2.1 to 2.5 million cases 

are caused by the bacteria Campylobacter jejuni (Blaser, 1997; Altekruse et al., 1999; Friedman 

et al., 2000), and 2 to 4 million cases result from Salmonella infections (Tauxe, 1991).  

Campylobacter jejuni and Salmonella cause an acute gastroenteritis termed campylobacteriosis 

and salmonellosis.  These infections are characterized by severe abdominal pain, fever and a 

watery, bloody (Campylobacter species only) diarrhea.  Campylobacter infections are also 

associated with severe secondary autoimmune sequelae such as Guillain-Barre Syndrome, 

characterized by temporary paralysis (Park et al., 1991; Wassenaar and Blaser, 1999), as well as 

Reiter’s Syndrome or reactive arthritis (Kuroki et al., 1993; Nachamkin et al., 1998).   

It is well recognized that food-borne pathogens and other bacteria are transmitted from 

animals to humans through the food chain (Singer et al., 2003).  Human infections caused by 

Campylobacter usually result from the consumption of undercooked poultry (Skirrow, 1982; 



Hopkins et al., 1984; Oosterom et al., 1984; Tauxe et al., 1985; Harris et al., 1986; Kapperud et 

al., 1992; Blaser, 1997; Wallace et al., 1998; Altekruse et al., 1999) or cross-contamination 

between other foods by contaminated knives, kitchen utensils or cutting surfaces used during 

food preparation.  In the case of Salmonella, human infections are often associated with egg 

consumption, foods containing eggs, poultry meat and other poultry products (Rampling et al., 

1989; Telzak et al., 1990; Altekruse et al., 1993; Tavechio et al., 1996).  Contamination of these 

foods can occur at multiple steps along the food chain, including production, processing, 

distribution, retail marketing, and handling or preparation (Zhao et al., 2003).   

The poultry industry has implemented food safety programs within processing facilities 

to reduce or eliminate product contamination.  However, poultry processors’ inability to 

eliminate the incidence of pathogenic bacteria requires serious examination.  According to Stern 

and co-authors (1985, 1992), Campylobacter has been isolated in 98% of retail poultry products.  

The repeated implication that poultry products are a source of food-borne disease bacteria has 

researchers looking into methods of reducing bacteria at the farm level.  Combined with food 

safety and quality policies implemented at processing facilities, effective pre-harvest methods 

may reduce the risk of contaminated poultry products reaching the public.  The primary focus of 

this study will be on novel pre-harvest methods to control food-borne bacteria in poultry. 

CAMPYLOBACTER IN POULTRY 

Characteristics 

The Centers for Disease Control and Prevention (CDC) reported that Campylobacter 

species are the leading cause of bacterial food-borne gastroenteritis in humans in which only 500 

organisms are required to make a healthy person ill (Black et al., 1988; CDC, 1988; Friedman et 

al., 2000; Newell and Wagenaar, 2000; Adak et al., 2002).  Campylobacter infections account 
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for an estimated 14.2% of the total food-borne illness cases in the United States (Mead et al., 

1999).  Eighty-five percent of confirmed enteric Campylobacter infections result from C. jejuni 

(Fricker and Park, 1989; Friedman et al., 2000).  C. jejuni is naturally occurring in poultry, red 

meats, raw milk and water (Kapperud et al., 1992; Altekruse et al., 1999).  These 

microaerophilic bacteria, requiring for growth 85% N2, 10% CO2, and 5% O2 (Stern and Kazmi, 

1989), are gram-negative, spiral shaped, curved rods with a polar flagellum.  They are highly 

motile, non-spore forming organisms which exhibit a typical darting, corkscrew-like movement 

(Neill et al., 1979).  They are 0.2 to 0.5 microns in width and 0.5 to 5.0 microns in length.  C. 

jejuni grows best in a thermophilic temperature range of 34ºC to 44ºC with an ideal growth 

temperature of 42ºC, at which 48 hours are required to produce typical colonies on primary 

isolation media.  C. jejuni does not grow below a temperature of 30ºC nor above 48ºC, and is 

sensitive to drying, high oxygen conditions and low pH (Doyle and Jones, 1992).  

Campylobacter species have been reported to change into coccoid forms when under stress.  

Bacteria with coccoid forms are considered to be in a viable-but-non-culturable (VBNC) state.  

Rollins and Colwell (1986) believed VBNC to be a dormant state in which the organism is 

sustained in order to survive external stresses.    

Colonization Factors  

Attempts to control Campylobacter infections in poultry have been hindered by the fact 

that the epidemiology of this organism in broiler production is largely unknown.  Campylobacter 

is rarely detected in chickens less than two to three weeks of age (Annan-Prah and Janc, 1988; 

Shane, 1991a,b; Jacobs-Reitsma et al., 1995; Shreeve et al., 2000; Stern et al., 2001).  However, 

colonization spreads rapidly throughout the flock when exposed.  Chickens are naturally 

coprophagic, facilitating a fecal-oral transmission route (Montrose et al., 1985).  Shanker et al. 
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(1990) reported three days of contact with inoculated birds are sufficient for colonization to 

occur in the majority of the flock.  Once colonization occurs, birds remain colonized until 

slaughter (Jacobs-Reitsma et al., 1995; Berndtson, 1996; Gregory et al., 1997; Evans and Sayers, 

2000; Shreeve et al., 2000).  Campylobacter organisms are primarily found in the lower 

intestinal tract, or what are known as the cecal and cloacal crypts (Corry and Atabay, 2001).  

There are several distinct features of Campylobacter colonization.  C. jejuni does not adhere 

directly to epithelial cells but mainly locates in the mucous layer of the crypts (Beery et al., 

1988; Meinersmann et al., 1991; Achen et al., 1998).  Also, when these bacteria are present in 

chickens, they do not cause gross lesions or invasion of the intestinal epithelium (Sahin et al., 

2002).  These observations indicate that C. jejuni is well adapted to the poultry host.  Levels of 

Campylobacter in the ceca range from 104 to 107 colony-forming units (CFU) per gram of cecal 

material (Stern et al., 1995) and from 105 to 109 CFU per gram of intestinal material (Berndston 

et al., 1992; Stern et al., 1999).  Cecal colonization is not always detectable through shedding in 

feces.  Several authors have reported that from an epidemiological standpoint, intestinal 

colonization is the most important factor contributing to carcass contamination (Grant et al., 

1980; Oosterom et al., 1983; Stern et al., 1995).   

Modes of Transmission  

 Bacteria are transferred to chickens by two main routes.  Horizontal transmission occurs 

from environmental sources, as Campylobacter species are ubiquitous in nature.  Sources such as 

old litter (Shane, 1991b), contaminated drinking water (Montrose et al., 1985; Pearson et al., 

1993), poorly disinfected houses (van de Giessen et al., 1992), domestic pets, wildlife and 

insects (Shane, 1991a), equipment and transport vehicles, as well as farm workers may transfer 

bacteria, resulting in the colonization of C. jejuni in poultry (Aarts et al., 1995; Evans and 
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Sayers, 2000).  Campylobacter organisms are present in chickens at high levels (upwards of 9.0 

log10 CFU/gram of cecal content), thus transmission from colonized birds to non-colonized is 

very rapid (Beery et al., 1988; Berndtson et al., 1992; Evans, 1997; Altekruse et al., 1999).   

The other mode of transmission is when the bacteria are transferred from the hen to the 

chick via the fertile egg, termed vertical transmission.  Studies have shown that vertical 

transmission of C. jejuni in poultry is still inconclusive.  Several researchers report that the 

isolation of C. jejuni from eggs is difficult and rare (Doyle, 1984; Shanker et al., 1986).  Others 

have stated that Campylobacter cells have not been detected in hatcheries, eggs or young chicks 

(Acuff et al., 1982; Doyle, 1984; Neill et al., 1984; Shanker et al., 1986; Jones et al., 1991; 

Chuma et al., 1994; Sahin et al., 2003).  However, a study in the United Kingdom produced 

evidence that C. jejuni serotypes can be linked to hatcheries, leading to the hypothesis that 

vertical transmission may take place (Pearson et al., 1996).  Researchers restricted bird exposure 

to specific Campylobacter serotypes, indicating that the source of transmission most likely 

resulted from parent breeder farms than from other sources associated with horizontal 

transmission.  Cox and co-authors (2002) conducted a study to compare Campylobacter isolates 

from breeder flocks and their progeny by two independent genotyping methods.  The results of 

both the PstI ribotype analysis and flaA short variable region DNA sequence analysis indicated 

that the isolates were genetically related or perhaps clonal in origin.  The findings in this study 

demonstrate that breeder hens can potentially serve as a source for Campylobacter contamination 

of broiler flocks (Cox et al., 2002).  Jacobs-Reitsma (1994) isolated C. jejuni from the ovaries of 

healthy laying hens while Cappelier et al. (1999) found VBNC Campylobacter could be 

resuscitated by inoculation into embryonated eggs.  Despite these observations, vertical 

transmission of C. jejuni remains questionable as no single transmission source has been cited.  
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Identification of the mechanism for C. jejuni transmission in poultry would be an important step 

to eliminate Campylobacter colonization of broiler chickens.   

SALMONELLA IN POULTRY 

Characteristics  

Over 26% of hospitalizations and 31% of deaths related to food-borne illnesses are 

attributed to Salmonella species (Mead et al., 1999).  Salmonella are gram-negative rod-shaped 

bacteria which grow in the intestinal tract of animals.  As Salmonella are able to survive and 

thrive in a wide variety of environmental conditions, they are known as facultative organisms, 

capable of growing equally well under either aerobic or anaerobic conditions (Freeman, 1979).   

Salmonella are spread from animal reservoirs to humans, often through foods such as eggs, meat 

and milk.  Although Salmonella species do not generally constitute a major problem to poultry 

health (Baxter-Jones, 1983), the bacteria cause an intestinal infection in humans known as 

salmonellosis.  The propensity for Salmonella to persist in hostile environments, growing within 

a wide temperature range (between 2ºC to 54ºC, though optimal growth occurs at 37ºC), is a 

public health concern.  Like Campylobacter, Salmonella is ubiquitous in the environment and is 

commonly found in poultry.  There is evidence supporting the claim that poultry serves as a 

significant reservoir for Salmonella in the food supply (Jacobs-Reitsma et al., 1995).  James et 

al. (1992) estimated that approximately 25% of poultry carcasses are contaminated with 

Salmonella, and that S. Typhimurium was the serotype most commonly isolated from processed 

broiler carcasses.  Current Salmonella broiler carcass prevalence has decreased since 1996 due to 

the implementation of post-processing performance standards set by the USDA at a 20% 

recovery rate on broiler carcasses.   
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Colonization Factors  

 Salmonella organisms have a commensal relationship with their poultry hosts and are 

generally non-pathogenic.  Once birds are exposed to the bacteria, they will shed the organism, 

thus contaminating other birds and the environment.  Most chickens will be colonized by the 

second or third week of age at which point intestinal colonization is at its peak.  Day-old chicks 

are the most susceptible to intestinal colonization by Salmonella and the ceca are the main site of 

colonization (Soerjadi et al., 1981; Stavric, 1985).  Salmonella species can attach to, penetrate 

and invade the intestinal mucosa resulting in diarrhea from direct mucosal damage or by the 

action of bacterial toxins.  In addition, the microorganism benefits from fimbriae or surface 

adhesins that facilitate its attachment to and invasion of host epithelial cells.  If attachment does 

not occur, the bacteria are expelled by the host’s physiological mechanical defense mechanisms 

such as peristalsis and mucous secretion (Oyofo et al., 1989c).  Salmonella colonization in 

poultry depends on:  1) the age of the bird, 2) the ability of the pathogen to survive the acidity of 

the gastrointestinal tract, 3) the effective competition with other bacteria, 4) the ability to locate a 

colonization site, 5) the bird’s diet, 6) the bird’s physiological status, 7) the bird’s health and 

disease status, 8) environmental stressors, 9) the effects of medication, and 10) the bird’s genetic 

background (White et al., 1997).  Volatile fatty acids (VFA) are widely recognized as a 

significant inhibitor of Salmonella colonization (Nisbet et al., 1993; Corrier et al., 1995a,b).  In 

the normal intestinal microflora, VFA are produced mainly as a result of the metabolism of 

sporing and non-spore forming anaerobic bacteria.  The VFA can be inhibitory to other 

organisms present, especially in the undissociated state below pH 6.0.  It was shown by Barnes et 

al. (1979) that during the early stages of chick development, the VFA concentrations in the ceca 

were too low and the pH value of cecal contents too high to prevent the multiplication of any 
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Salmonella organisms present.  Once the native microflora became more complex and VFA 

concentrations increased, conditions were less favorable for Salmonella growth.   

Modes of Transmission  

 Salmonella colonization in poultry is considered to be through a horizontal transmission 

route via three main methods:  by direct contact with other birds, by the consumption of 

contaminated water or feed, or through the environment.  The most common source of horizontal 

colonization stems from the hatchery.  Five to nine percent of day-old chicks have tested positive 

for Salmonella in commercial hatcheries (White et al., 1997).  Salmonella and other bacteria are 

known to penetrate the shell and membranes of a freshly laid fertile egg (Williams and Dillard, 

1968).  Once the bacteria pass through the outer eggshell membranes, there is no effective way to 

remove them or prevent colonization of the embryo (Cason et al., 1994).  Subsequently as the 

chick hatches, Salmonella organisms within the membranes are ingested.  Bailey et al. (1996) 

reported that one egg colonized with Salmonella could contaminate all eggs and chicks during 

hatching.  Contamination also occurs at the farm.  Sources such as insects, wild birds, rodents, 

litter and untreated feed and water can spread Salmonella throughout the broiler flock.  However, 

many studies have shown that Salmonella serotypes found on a fully processed chicken carcass 

generally originate from sources other than feed such as through hatcheries, litter or breeder 

flocks (Bhatia and McNabb, 1980; Lahellec and Collin, 1985; Goren et al., 1988). 

 Infection can also arise by vertical transmission in which bacteria are transferred from 

infected breeder birds to eggs.  The association with eggs appears to be due to an enhanced 

ability of Salmonella to pass beyond the gastrointestinal tract of infected birds and spread 

throughout host tissues and reproductive organs (Bygrave and Gallagher, 1989; Gast and Beard, 

1990; Reiber et al., 1991).  Other research suggests that infection originates within the cloaca 
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and passes to the reproductive tract, effectively localizing bacterial organisms into intact shell 

eggs (Hinton and Bale, 1994). 

HACCP AND CONTROL CONCERNS AT PROCESSING FACILITIES 

 Campylobacter contamination of poultry carcasses during the slaughter process has been 

widely documented (Smith and Muldoon, 1974; Park et al., 1981; Oosterom et al., 1983; Wempe 

et al., 1983; Genigeorgis et al., 1986).  A study conducted by Smeltzer (1981) found bacterial 

contamination (105 organisms per carcass) on 94% of fresh broiler carcasses.  A direct 

relationship has been found between the amount of cecal contents and bacterial counts on the 

carcass surface (Stanley et al., 1992).  Poultry products are different from other animal products 

in that the skin of poultry is not normally removed during processing.  This may validate how 

contents rich in Campylobacter within the colon and cloaca are spilled onto the skin of the 

carcass (Berrang et al., 2000).  The potential for cross-contamination between carcasses occurs 

when the outer surface of the bird comes into contact with other carcasses, equipment surfaces, 

plant employees, and trimming gloves and knives (Izat et al., 1988).  It is also believed that 

Salmonella is introduced into processing plants by surface contamination (Rigby and Pettit, 

1980; Lillard, 1989; Izat et al., 1990).  For this reason, there is a great concern in poultry 

processing facilities for microbiological control and product safety.   

In 1996 the United States Department of Agriculture Food and Safety Inspection Service 

(USDA-FSIS) established a regulatory program with the ultimate goals of food safety and 

pathogen reduction.  It was termed the Hazard Analysis and Critical Control Point (HACCP) 

program.  “FSIS believes its food safety goal should be to reduce the risk of food-borne illness 

associated with the consumption of meat and poultry products to the maximum extent possible 

by ensuring that appropriate and feasible measures are taken at each step in the food production 
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process where hazards can enter and where procedures and technologies exist or can be 

developed to prevent the hazard or reduce the likelihood that it will occur” (FSIS baseline data, 

1996).  Performance standards have been established for both generic Escherichia coli and 

Salmonella (Campylobacter standards may ultimately be implemented) which provide a 

benchmark for use by processing facilities when evaluating their bacterial test results.  Test 

results that do not meet the performance criterion are considered an indication that the processing 

establishment may not be maintaining adequate process control for fecal contamination and 

associated bacteria.  Pathogen specific performance standards for raw products are an essential 

component of the FSIS food safety strategy because they provide a direct measure of progress in 

controlling and reducing pathogens. 

ANTIBIOTICS AND ANTIMICROBIALS  

Uses and Benefits 

 Antibiotics are most often natural metabolites of fungi that inhibit the growth of bacteria 

(Swick, 1996).  The addition of antibiotics to agricultural feed began in 1946 when experiments 

demonstrated that sub-therapeutic levels of antibiotics resulted in increased feed efficiency and 

growth in livestock animals (Taylor, 1997; Khachatourians, 1998; Doyle, 2001).  Currently, 

antibiotics are widely used in animal husbandry in order to prevent disease transmission and 

promote growth; though most of the antibiotics, used prophylactically as growth promoters, have 

no significant approved claims to control disease (Gustafson and Bowen, 1997).  More than 50% 

of all antibiotics produced are used in animal feeds.  In the poultry industry, antibiotics are used 

to control diseases such as mycoplasmosis, necrotic enteritis, coccidiosis, as well as to act as 

growth promoters.  In 1999 the National Research Council suggested that antibiotic use in food-

producing animals may decrease pathogen shedding.  Chickens raised without antibiotics are 
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three times more likely to carry pathogenic bacteria than those raised using antibiotics (Heuer et 

al., 2001).  The benefits of antibiotics to the poultry industry are clear; they allow quick, 

effective treatment of diseases which would compromise flock health and profitability if banned.     

Antimicrobials are synthesized chemicals that inhibit microorganisms and promote 

growth by altering the gut microflora to the benefit of the intestinal tissue (Swick, 1996).  They 

are similar to antibiotics and often have the same properties.  Antimicrobials are also very 

beneficial in increasing feed efficiency and litter quality as well as reducing mortality.  Extensive 

studies (approximately 12,000 feeding trials) have demonstrated antimicrobial growth 

promotants used in animal feed yield positive results 72% of the time when special attention is 

placed on animal management, disinfection procedures and feed quality (Rosen, 1996).  Since 

the 1950’s when their use in animal production became widespread, antimicrobials have 

enhanced production efficiencies that have contributed to the availability of a reasonably-priced 

and plentiful food supply.   

 After reviewing the literature, Swick (1996) concluded that sub-therapeutic levels of 

antibiotics and antimicrobials fed to animals result in:  1) suppression of bacteria responsible for 

unrecognizable infections, 2) reduced production of growth depressing toxins from microflora, 

3) lower nutrient use by the microflora leaving more for the animal, 4) increased production of 

vitamins and other nutrients by microflora, 5) animals having a thinner gut wall capable of 

enhanced nutrient absorption, 6) lower production of ammonia in the gut which reduces turnover 

of mucosal cells and results in less energy consumption by the animal, and 7) lower immune 

stress resulting in a shift of protein synthesis toward muscle development and away from 

antibody production.   
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Bacterial Resistance Controversy 

The aim of using antibiotics in agriculture is to improve the digestion of nutrients in such 

a way that the growth rate of poultry and other livestock is improved.  However, the use of 

antibiotics in agriculture is in question because of the emergence of antibiotic resistance of 

microorganisms in humans.  The presence of an antibiotic or antimicrobial may kill the majority 

of the bacterial populations in an environment leaving resistant survivors that can eventually re-

establish themselves and pass their antibiotic resistance genes to their offspring.  When 

antimicrobial drugs are administered to food-producing animals, they can promote the 

emergence of resistance in bacteria that may not be pathogenic to the animal, but are pathogenic 

to humans (Bates et al., 1994; Piddock, 1996; Anonymous, 1997; Anonymous, 1998).   Some 

scientists believe that the use of antibiotics in livestock management, especially when added to 

food or water for growth promotion, contributes to the rising problem of human bacterial 

antibiotic resistance.  Research shows an association between the use of sub-therapeutic doses of 

antimicrobials on food-producing farms and antimicrobial-resistant organisms (Holmberg et al., 

1984; Piddock, 1996; Khachatourians, 1998).  The Union of Concerned Scientists estimates that 

70% of antimicrobials in the United States are used as livestock growth promotants, the majority 

going into poultry and hog feed (Mlot, 2001).  This exposure to antimicrobials at sub-therapeutic 

concentrations can generate a reservoir of antimicrobial resistant bacteria in poultry and other 

meat-producing animals (Endtz et al., 1991; Smith et al., 1999).  Generally, antimicrobial drug 

therapy in animals cures clinical infections by reducing the level of specific pathogens.  As most 

antibiotics are only effective against specific types of bacteria, sub-therapeutic treatments disturb 

the normal intestinal microbial ecosystem (Surawicz et al., 1989) resulting in a potential increase 

in the bacteria that can cause human infections.  Antimicrobial-resistant bacteria in food animals 
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threaten the efficacy of human drugs if the resistant bacteria become incorporated into human 

bacterial populations (Smith et al., 2002).  Thus, it is evident that both medical and veterinary 

uses of antibiotics have resulted in the appearance of resistant strains of bacteria (Doyle, 2001).  

Antibiotic resistant strains of enteric bacteria, such as Salmonella and Campylobacter species, as 

well as Esherichia coli have been isolated from commodity animals and have generated the 

strongest objection to antibiotic use (Evagelisti et al., 1975; Scioli et al., 1983; Gustafson and 

Bowen, 1997).  Enteric bacteria in animals represent a special risk for inducing resistant bacteria 

and causing human illness because they are the bacteria most likely to contaminate a food 

product and then be ingested.   

Fluoroquinolones are considered to be one of the most important antimicrobial drugs 

available to treat human enteric infections (Sande et al., 1996), including campylobacteriosis and 

salmonellosis (Graninger et al., 1996).  Since the introduction of fluoroquinolones into chicken 

feed, poultry have been implicated in 20% of fluoroquinolone-resistant C. jejuni isolates found in 

humans (J.W. Smith et al., 1999; K.E. Smith et al., 1999; Mlot, 2000).  Rossiter et al. (2000) 

identified fluoroquinolone-resistant Campylobacter isolates on 24% of chicken products in U.S. 

retail markets.  In addition, studies have shown Salmonella from poultry to be resistant to 

quinolones (Threlfall et al., 1997; Hanaken et al., 1999; Breuil et al., 2000).  In Europe, the 

incidence of quinolone-resistant Salmonella strains has increased since fluoroquinolone (for 

veterinary use) approval (Frost et al., 1996; Threlfall et al., 1997; WHO, 1998; Malorny et al., 

1999).  Salmonella is also recognized for its ability to harbor resistance to multiple 

antimicrobials (Cohen and Tauxe, 1986; Besser et al., 1997; CDC, 1997; Breuil et al., 2000). 

As there is increasing evidence of food-borne pathogens being associated with 

antimicrobial-resistance in human illness (Endtz et al., 1991; CDC, 1997; Glynn et al., 1998; 
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Breuil et al., 2000), the FDA is responsible for ensuring that the use of antimicrobial drugs in 

food-producing animals does not result in undesirable health consequences for humans.  In 

contrast, the use of antimicrobial drugs in food-producing animals is important in helping 

promote animal health and ensures an abundant and affordable supply of meat, milk and eggs.  

Since the development of antimicrobial resistance among pathogenic bacteria has emerged as a 

major public health concern, regulatory controls have necessitated that researchers search for 

alternatives to antibiotics to reduce or eliminate undesirable bacteria in food-producing animals.   

PRE-HARVEST APPROACHES TO CONTROL CAMPYLOBACTER JEJUNI AND 

SALMONELLA IN POULTRY 

No practical or effective measures have been implemented at the farm level to reduce 

Campylobacter species though there has been some success with Salmonella species.  Research 

suggests that pre-harvest pathogen reduction may prove practical and cost effective.  Some 

methods that have been under investigation include competitive exclusion (Stern, 1994), use of 

feed additives and probiotic cultures (Morishita et al., 1997), as well as immunization (Widders 

et al., 1996).  It still remains increasingly difficult to control bacterial intestinal colonization in 

poultry prior to processing.  Due to the recent scrutiny of antibiotic practices in agriculture, 

scientists are looking for pre-harvest alternatives that generate similar benefits as antibiotics 

when used as growth promoters. 

Management Interventions 

Biosecurity 

 Although it is well-known that bacteria are often transmitted from one object to another, 

it seems prudent to take special precautions when working or visiting a food-producing location.  

Biosecurity practices on the farm have been one way in which poultry growers can protect their 
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flocks from colonization by foreign bacteria.  Some biosecurity practices to prevent cross-

contamination include proper employee hygiene, proper disinfection of houses between flocks, 

proper disinfection of equipment and transport vehicles, avoidance of all other avian species, 

clothing and boot changes, as well as the control of pests, rodents and human contact.  One study 

found biosecurity measures (disinfectant footbaths and daily water disinfection) reduced 

Campylobacter colonization in broilers by 50% (Gibbens et al., 2001).  In another study 

conducted in Sweden, the introduction of improved hygiene barriers contributed to a significant 

reduction of Campylobacter positive broiler flocks (Berndtson, 1996; Engvall, 1999).  Thus, high 

standards of husbandry hygiene are an essential part of any bacterial control program. 

Poultry Litter Treatments 

 Poultry litter treatments are primarily used by commercial growers to control ammonia 

levels, acidify litter and manage pests in poultry houses (Terzich, 1997).  Other benefits include 

enhancing the composition of litter as fertilizer and reducing food-borne pathogens.  Poultry 

Litter Treatment (PLT®) manufactured by Jones-Hamilton, is one product on the market that is 

widely used by the industry.  Consisting of sodium bisulfate and other ingredients, it is a dry, 

granular acid considered to be a non-hazardous and non-toxic food-grade substance (Pope and 

Cherry, 2000; Blake and Hess, 2001).  Field trials involving PLT® have shown decreased house 

ammonia (from 62.3 ppm to 6.2 ppm) and litter pH levels (from 8.0 to 1.2) (Pope and Cherry, 

2000).  Improvements in performance as well as reduced Campylobacter jejuni and Salmonella 

populations have also been reported (Blake and Hess, 2001).  Veloso and co-authors (1974) 

found that the application of formaldehyde flakes in built-up litter reduced bacterial levels by ten 

percent.  As a pre-harvest approach to regulating bacterial prevalence, poultry litter treatments 
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are effective for pathogen reduction and for the prevention of many bacterial or stress-related 

poultry conditions.  

Nutritional Interventions 

Competitive Exclusion 

 Newly hatched chicks lack complex gastrointestinal microflora and are especially prone 

to colonization of enteric pathogens (Milner and Shaffer, 1952).  Competitive exclusion (CE), 

introduced by Nurmi and Rantala (1973), is the application of beneficial microflora to the bird’s 

gastrointestinal tract in order to increase GI complexity and protect against the enteric pathogen 

Salmonella (Stavric et al., 1985; Corrier et al., 1995a,b).  CE treatment is a prophylactic measure 

that is aimed at increasing the resistance of chicks to bacterial colonization by compensating for 

the slow development of the native gut microflora.  Using CE cultures, the greater resistance of 

adult birds can be transferred to day-old chicks.  Bolder et al. (1992) reported that in order to 

receive maximum protective effects, CE cultures should be administered to chicks as soon as 

possible after hatching.  However, one difficulty with early application of CE cultures is an 

apparent requirement that the chicks receive treatment before they are exposed to Salmonella 

(Goren et al., 1984; Impey and Mead, 1989).  To satisfy this requirement, Cox et al. (1990) 

conducted a study in which efforts were made to expose chicks to CE organisms in ovo.  It has 

been observed that exposure to Salmonella organisms prior to CE treatment, especially important 

in hatcheries, can significantly reduce the protective effect of CE (Mead and Barrow, 1990; 

Bailey et al., 1998).  The immediate effect is to prevent the organisms from multiplying in the 

ceca so that they are gradually eliminated from the bird (Impey and Mead, 1989).  The effect is 

bacteristatic rather than bactericidal, although the exact mechanism is unknown.  One mode of 

action of CE cultures to exclude pathogens is related to their ability to increase the competition 
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for attachment to receptor sites in the gut (Schneitz et al., 1993).  An effective physical barrier 

against Salmonella colonization was determined by Soerjadi et al. (1981, 1982a) when it was 

discovered that the administered microflora colonized the mucosa and could be seen as a layer of 

cells with inter-connecting fibres, known as glycocalyx.  Another mode of action in the exclusion 

mechanism is competition between pathogens and native microflora for limiting nutrients.  These 

two exclusion factors suggest that the mucosal flora is the important component and that 

microbial attachment to the mucosal surface is the key to Salmonella exclusion.  The bird’s 

increased resistance to colonization provided an alternative for reducing bacterial prevalence in 

poultry flocks.   

A considerable amount of research has been conducted on CE and it is believed that the 

same concept can be applied to other enteric food-borne pathogens associated with poultry, such 

as Campylobacter jejuni and Escherichia coli (Mead and Impey, 1987).  Soerjadi et al. (1982b) 

first attempted to control C. jejuni by CE treatment using material from specific pathogen-free 

birds that had been colonized with an optimally protective microflora against Salmonella.  

Treatment of chicks reduced both the proportion of birds becoming colonized and the levels of 

cecal colonization.  In another study, chicks were protected against increasing challenge doses of 

C. jejuni, although CE protection was overwhelmed with the use of 108 organisms per chick 

(Soerjadi-Liem et al., 1984).  Stern (1994) found no protective effect from the use of 

conventional CE preparations and even a preparation of cecal wall material from a spent hen was 

not consistently protective when cultured in a laboratory medium.   

Probiotics 

Probiotics, also known as microbial enhancers, are live, bacterial or yeast cultures added 

to feed to promote growth (Cummings, 1995), as well as to prevent pre-harvest colonization of 
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the gastrointestinal tract by food animal pathogens.  They are typically substances that contain 

desirable microbial cultures from the gastrointestinal tracts of healthy animals which are fed to 

animals to improve health and growth by altering the intestinal microbiota and immune system to 

reduce colonization by pathogens (Guarner and Schaafsma, 1998; Patterson and Burkholder, 

2003).  Probiotic microorganisms added to feed may protect from intestinal pathogens by several 

possible mechanisms:  1) the adherence to intestinal mucosa, preventing pathogen attachment, 2) 

the production of antimicrobial compounds, 3) the competition with pathogens for nutrients and 

4) the stimulation of intestinal immune responses (Stewart and Chesson, 1993; Stavric et al., 

1995; Mulder et al., 1997; Lee et al., 1999).  The use of probiotics seems to be a promising 

alternative to the emerging problem of antibiotic resistance.  By providing feed with mixtures of 

beneficial bacteria, researchers are finding means of helping animals resist infections, thus 

reducing antimicrobial use.   

Mannanoligosaccharide Application 

Mannanoligosaccharides (MOS) extracted from yeast cell wall material can be isolated 

industrially to produce feed additives as another alternative to antibiotic use (Spring et al., 2000).  

Researchers have shown that MOS prevents attachment and colonization of pathogenic bacteria 

in the digestive tract (Newman, 1994; Savage et al., 1997).  It has also been reported that 

mannanoligosaccharides enhance health by stimulating antibody production and altering immune 

function (Savage and Zakrzewska, 1996; Davis et al., 2004).  Bio-Mos® is a commercial 

mannanoligosaccharide application (Alltech, Inc., Nicholasville, KY) found to bind in vitro to 

Escherichia coli and Salmonella species (Newman, 1994; Spring et al., 2000), and prevent 

intestinal binding and colonization.   

 18



The colonization of bacteria on mucosal tissues is recognized as an important step in the 

infectious process.  To colonize the mucosal surfaces, bacteria must first bind to the epithelial 

cells of these tissues.  Previous studies demonstrated that mannose inhibits bacterial adherence 

(specifically Salmonella species) to intestinal mucosal epithelial cells (Lindquist et al., 1987).  

Burkey et al. (2004) reported that mannan products appear to agglutinate gram negative bacteria 

via an interaction between mannose-specific lectins and the microbial surface.  Bacterial 

attachment is often mediated through binding of lectins to receptors containing D-mannose 

(Eshdat et al., 1978; Baumler et al., 1997).  Oyofo et al. (1989a) hypothesized that it might be 

possible to block the lectins with mannose or similar sugars to inhibit the attachment of 

Salmonella Typhimurium to intestinal cells.  An in vitro assay was developed for determining 

Salmonella adherence to chicken intestinal epithelial cells when combined with sugars; D-

mannose was found to be an effective inhibitor of bacterial adherence (Oyofo et al., 1989a).  A 

significant reduction in the intestinal colonization of S. Typhimurium by more than 90% (P ≤ 

0.05) was also demonstrated by Oyofo et al. (1989b,c).  The day-old broiler chicks were 

provided 2.5% D-mannose for 10 days via the drinking water.  Three days after hatch, they were 

orally challenged with 0.25 mL of S. Typhimurium.  The reduction in colonization might 

indicate that D-mannose did not alter the structure of Salmonella binding to intestinal epithelial 

cells, but that the number of sites available for S. Typhimurium to adhere were reduced (Oyofo et 

al., 1989c).  However, it was not determined whether the mannose acted specifically on the 

intestinal epithelial cells or on the bacterial cells (Oyofo et al., 1989a).  Other research findings 

show that the presence of D-mannose inhibits the adherence of C. jejuni to human intestinal cells 

(McSweegan and Walker, 1986; Russell and Blake, 1994) and protective effects with dietary 

mannose were reported against Campylobacter jejuni colonization in chickens (Schoeni and 
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Wong, 1994).  Mannose blocks the adherence of bacteria that have mannose-sensitive fimbriae 

or lectin-like appendages.  Therefore, inhibition of adherence to chicken intestinal cells by 

mannose could be explained by this mechanism of blocking.   

Fucose, another oligosaccharide, is a constituent of the gastrointestinal mucus, the 

primary site of Campylobacter colonization.  Inhibition of Campylobacter has been reported 

with the addition of fucose to the diet (Cinco et al., 1984).  In addition, fructo-oligosaccharides 

provide a substrate in the gastrointestinal tract utilized by beneficial bacteria such as 

bifidobacteria and lactobacilli (Mitsuoka et al., 1987; Hidaka and Hirayama, 1990).  In chickens, 

the addition of fructo-oligosaccharide to the diet stimulated the growth of Bifidobacterium spp. 

in their ceca while reducing the population of S. Typhimurium (Bailey et al., 1991). 

Alternative Interventions 

Nanotechnology  

As an alternative to a natural material such as mannose, Latour and co-workers at 

Clemson University have recently developed biofunctionalized nanoparticles (BN) (Taylor et al., 

2004; Luo et al., 2005; Qu et al., 2005).  BN have attracted interest as a treatment for enteric 

infection, serving as pathogen purging agents prior to transporting and processing.  Adherence to 

intestinal wall epithelial tissues is facilitated by adhesins, or surface molecules, on a bacterial cell 

which recognize the receptor sites on the epithelium (Ofek et al., 1977; Madigan et al., 2000).  

The objective of BN development is to create an affinity for these bacterial adhesins.  In 

addition, reports have shown that the presence of D-mannose inhibits the adherence of bacteria 

to both animal and human intestinal cells (Cinco et al., 1984; McSweegan and Walker, 1986; 

Lindquist et al., 1987; Droleskey et al., 1994; Russell and Blake, 1994).  The attachment of 

Campylobacter jejuni to epithelial cells is also mediated by mannose-specific, lectin-like 
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adhesins present on the bacterial surface which bind to mannose receptor sites (Cinco et al., 

1984; McSweegan and Walker, 1986; Russell and Blake, 1994).  Thus, the BN are hypothesized 

to be adhesion-specific to the enteropathogen C. jejuni.  Preliminary research has shown that the 

BN have an affinity for the mannose receptor sites on the Campylobacter cell surface and that 

cell aggregation or attachment between the bacteria and BN may occur.  The ability of these BN 

to adhere to Campylobacter cell surfaces will enable BN to compete with host cell receptors to 

reduce or eliminate the extent of bacterial colonization on the poultry intestinal wall.  BN 

synthesis is based on the self-assembly of organic polymers structured with intra-polymer binary 

pseudo-phase separation characteristics.  The nanoparticle structure consists of a hydrophobic 

polystyrene core, a hydrophilic tether such as polyethylene glycol, and sugars or peptides that are 

functionally identical to the host cell receptor groups that are bound by the pathogen’s surface 

adhesions.  By presenting these same functional groups from the surface of the nanoparticles, the 

BN should effectively compete with the mucosal lining of the gastrointestinal tract for microbial 

attachment.  Furthermore, because the BN contain a relatively large surface density of functional 

sites, they should be able to agglutinate large numbers of pathogens, prevent them from binding 

to their poultry host, and enable them to be expelled from the gastrointestinal system.  

Non-Nutritive Feed Additives 

The restricted use of antibiotics as growth promotants in poultry feed has led to a search 

for alternatives to enhance animal growth while suppressing food-borne pathogenic bacterial 

colonization and shedding.  Natural compounds with dietary immunomodulatory potential, such 

as beta-glucans, may provide an alternative source.  Beta-glucans are believed to improve 

immune function by activating macrophages.  Tissue macrophages are phagocytes that devour 

foreign microorganisms and eliminate them.  Qureshi et al. (2003) investigated the efficacy of a 
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beta-1,3/1,6-glucan as a possible immunomodulator in broiler chickens.  Chicks were fed diets 

containing three different levels (0, 20 or 40 mg/kg) of the beta-glucan to five weeks of age.  

Results indicated that diets with beta-glucan were more effective in improving the broilers’ 

macrophage phagocytic functions as well as improving overall performance.  This purified 

baker’s yeast beta-1,3/1,6-glucan derived from Saccharomyces cerevisiae is now known as 

Immustim® (Immudyne Inc., Houston, TX) and is an effective immuno-stimulant product.  

Beta-1,3-glucans in purified form provide protection against bacterial infections in animals by 

increasing the ability to kill the microbes.  Immustim® is hypothesized to stimulate humoral 

immunity thereby increasing antibody production, as well as enhancing animal growth by 

counteracting the adverse effects of intestinal bacterial pathogens.  In field studies, the use of 

Immustim® has resulted in health and growth performance equal to that of commercial broilers 

not given growth promotion antibiotics (Personal communication, Immudyne Inc.).  A study in 

which turkeys challenged with Escherichia coli were fed diets supplemented with Immustim® 

demonstrated that the diets increased body weights by 500 grams of both non-challenged and E. 

coli-challenged birds and improved feed conversion from 2.47 to 2.13 of E. coli-challenged birds 

(Huff et al., 2002).  Lowry et al. (2003) concluded that as a feed additive, beta-glucan provided 

significant protection against Salmonella enterica serovar Enteritidis (SE) invasion (P ≤ 0.05) 

and significantly increased phagocytosis (P ≤ 0.05) in young chickens.  Since adequate resistance 

of animals to infectious diseases depends on functional immune responses, it is believed that 

immuno-stimulants will be an effective means of increasing the immunocompetence and disease 

resistance of animals.   

 During mammalian lactation, immune components such as immunoglobulins are 

passively transferred from the nursing mother to her offspring (Michaels, 1965; Goldman et al., 
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1986; Hanson, 1997).  In poultry, passive transfer of protection and immunoglobulin secretion 

occurs through the egg for future use by the hatching chick.  Such concentrated immunity 

provides natural resistance to infection while the offsprings’ own immune system develops.  

Many studies have reported that chickens or dairy cows receiving multiple inoculations of 

vaccines with inactivated pathogenic bacteria, known as hyperimmunization, results in the 

production of “immune” eggs or milk (Ebina et al., 1985; Owens and Nickerson, 1988; Davidson 

et al., 1989; Fayer et al., 1989; Ormrod and Miller, 1991).  Fichtali et al. (1994) concluded that 

serum antibodies of hyperimmunized hens are effectively transferred and accumulated in the egg 

yolk.  Therefore, oral consumption of eggs produced by hyperimmunized hens protects against 

the specific vaccinating pathogen with which the hen was stimulated (Bartz et al., 1980; 

Kuhlmann et al., 1988; Tacket et al., 1988; Kuroki et al., 1994; Tsubokura et al., 1997).  Trouw 

Nutrition USA (Highland, IL) has developed several egg products utilized by producers to 

protect young animals against invasive bacteria while improving nutritional performance and 

health.  One poultry-specific product, Protimax®-Salmonella package (SL-503), is produced by 

immunizing hens against Salmonella species (S. Typhimurium, S. Dublin, S. Enteritis, S. 

Heidelberg, S. Choleris) and Escherichia coli J5.  Following vaccination, eggs are collected, 

washed, broken and the yolk and egg whites are spray-dried to a fine protein-concentrated 

powder.  This spray-dried egg product has proven to be effective in calves and swine resulting in 

increased health and performance (Doyle, 2001).  Protimax® is described by Trouw Nutrition as 

a natural dietary additive (not a drug or antibiotic) that prevents microbial attachment to the 

gastrointestinal tract via egg immunoglobulins.  By administering Protimax® orally to a young 

bird, the antibodies present in the spray-dried product reportedly coat the gut without inhibiting 

nutrient intake and digestibility.  An in vitro study conducted by Sugita-Konishi et al. (1996) 
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found that avian-specific antibodies inhibited bacterial growth and adhesion to intestinal cells.  

Therefore, Protimax® is able to neutralize bacterial attachment sites on the intestinal wall via its 

own attachment thus preventing harmful microorganism colonization and shedding.  Antibody 

production in eggs is particularly advantageous because hens can be effectively immunized, 

antibodies are readily deposited in the yolk, and eggs are a convenient and inexpensive food 

source.   
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THESIS OBJECTIVES 

The overall objective of this research is to determine whether the applications of 

nanotechnology or non-nutritive feed additives will decrease Campylobacter jejuni and 

Salmonella Typhimurium incidence in the gastrointestinal tract of poultry.  The specific 

objectives of the research were to: 

1) Determine the bird’s tolerance to polystyrene cores. 

2) Determine in vitro binding of C. jejuni and biofunctionalized nanoparticles. 

3) Determine in vivo binding of C. jejuni and biofunctionalized nanoparticles. 

4) Determine if challenges of C. jejuni with mannose result in cell aggregation. 

5) Determine the effects of dietary Immustim® and Protimax® on broiler response to C. 

jejuni and S. Typhimurium challenges. 
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MANUSCRIPT 1.  USE OF BIOFUNCTIONALIZED NANOPARTICLES TO BIND 
CAMPYLOBACTER JEJUNI IN POULTRY 

 
ABSTRACT 

Previous studies have demonstrated that mannose binds to gram-negative bacteria, 

reduces virulence and prevents bacterial colonization of the GI tract of poultry.  Four trials were 

conducted to examine the potential of using mannose or peptide-containing biofunctionalized 

nanoparticles (BN) to bind Campylobacter jejuni in vitro or in the gastrointestinal (GI) tract of 

poultry.  The objective of the preliminary tolerance study was to determine the effect of the BN 

polystyrene cores on turkey poult performance to 6wk with observation to 14wk.  The second 

study examined if BN have a specific binding affinity for C. jejuni and would promote 

aggregation in vitro.  The third and fourth studies evaluated the effect of BN and mannose 

solutions on C. jejuni colonization in vivo.   

In the tolerance study, 198 1-wk old Nicholas turkey poults placed in 6 pens were 

banded, weighed and then gavaged with varying volumes (0.1, 0.5 or 1.0mL) of different 

polystyrene core aqueous suspensions.  In all pens, 3 control poults were gavaged with distilled 

water.  BW was determined at wk 1, 3 and 6 with observations to 14 wk.  There were no 

significant differences (P≤0.05) in BW or BW gains due to the polystyrene cores.  Thus, the 

cores were apparently tolerated by the turkey poults and did not impact growth performance. 

Study 2 utilized an in vitro protocol to examine BN-bacterial aggregation activity.  

Aqueous BN suspensions were diluted 1:1, 1:10 and 1:100 in 0.1% peptone water, mixed with an 

equal volume (1.5mL) of suspended C. jejuni and incubated at room temperature.  The mixtures 

were sampled at 5 and 30 minutes, plated onto Brucella agar and incubated at 42ºC for 48h.  

Population reductions were observed between the control and BN and C. jejuni mixtures for BN 

treatments #1 (mannose tether) and #2 (tyr-gly-gly peptide tether) (P≤0.05 and P≤0.10, 
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respectively) though it was not determined if the reductions were due to cell aggregation or cell 

death.   

In study 3, fifteen 10-wk old broilers (Ross 308 feather sexable females × Ross males, 

AviagenTM) were placed in individual growth cages.  Five experimental treatments (3 

birds/treatment) were evaluated: a control (no treatment); 1 or 2 mL gavage of BN; and 1 or 2 

mL gavage of a 10% mannose solution.  The birds were sacrificed 24h after gavage and fecal, 

cecal and GI samples aseptically taken and C. jejuni populations estimated.  No significant 

differences in C. jejuni populations were detected between the control and BN treatments for the 

cecal, GI or fecal samples (P≥0.05).  However, the GI tract C. jejuni populations recovered 

following the mannose treatments were significantly higher than the control populations 

(P≤0.10).  In addition, it was observed that when the mannose concentration was increased to 

20%, fecal C. jejuni populations declined by 0.73 log (P= 0.09). 

Study 4 (3d duration) was divided into 2 trials.  Four, 4-wk old control broilers (Ross 308 

feather sexable females × Ross males) received no oral treatment, whereas 16 experimental birds 

(4/cage) were orally gavaged with 1 of 4 BN treatment doses (1, 2, 4 or 8mL) on d2.  Trial 2 

consisted of 2 treatment groups (16 birds/treatment, 4 birds/cage):  MIX (a mixture of 1 mL/bird 

of 105 CFU/mL C. jejuni and 1, 2, 4 or 8mL of BN) and CBN (1 mL/bird of 105 CFU/mL C. 

jejuni challenge prior to administering 1, 2, 4 or 8mL of BN).  On d1, both the MIX treatment 

and the C. jejuni challenge of the CBN treatment were administered.  The varying volumes of 

BN were gavaged on d2 (CBN treatment).  On d3, all birds were euthanized and samples (fecal, 

cecal and GI) were aseptically taken, blended, diluted, plated (50µL) onto Campy Cefex® agar 

and incubated.  In trial 1, no significant differences in C. jejuni populations were observed 

between the BN and control treatments (P≥0.05).  In trial 2, significant differences in C. jejuni 
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populations recovered from the ceca and GI were detected between the pooled MIX and CBN 

treatment data (P≤0.05).  Moreover, treatment dose also influenced the recovery of fecal C. 

jejuni populations for both the MIX and CBN treatments (P≤0.05). 

Overall, the results from the BN trials showed both increases and decreases in C. jejuni 

populations.  However, any increase or decrease in populations is subject to a great deal of 

speculation as to the BN’s exact mechanism of action.  Additional testing is warranted to further 

define the specific effects of BN on C. jejuni populations in vivo. 
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INTRODUCTION 

The United States has one of the safest food systems in the world.  However, food-borne 

infections are a major public health concern.  The Centers for Disease Control and Prevention 

(CDC) reported that Campylobacter species are the leading cause of bacterial food-borne 

gastroenteritis in humans (Black et al., 1988; CDC, 1988; Friedman et al., 2000; Newell and 

Wagenaar, 2000; Adak et al., 2002).  Eighty-five percent of confirmed enteric Campylobacter 

infections result from C. jejuni (Fricker and Park, 1989; Friedman et al., 2000).  Human 

infections caused by Campylobacter often result from the consumption of undercooked or 

mishandled poultry products (Skirrow, 1982; Tauxe et al., 1985; Blaser, 1997; Altekruse et al., 

1999).  The repeated implication that poultry products are a source of food-borne disease has 

researchers examining methods for reducing this food-borne pathogen at the farm level.   

Since Campylobacter contamination of poultry generally occurs at the farm (Norcross et 

al., 1992), the farm is the logical location at which contamination should be controlled.  

Researchers at Clemson University have recently developed biofunctionalized nanoparticles 

(BN) to serve as potential poultry pathogen purging agents during the grow-out phase of 

production (Taylor et al., 2004; Luo et al., 2005; Qu et al., 2005).  The surface of BN bear 

biofunctional molecules that reportedly can serve as host cell receptors for bacterial adhesins (i.e. 

mannose) and thus are hypothesized to be adhesion-specific to C. jejuni.  Preliminary research 

has shown that BN have an affinity for the mannose receptor sites residing on the Campylobacter 

cell surface suggesting that BN may promote cell aggregation through attachment with this 

pathogen.  Moreover, the ability of BN to adhere to Campylobacter cell surfaces may thus 

interfere with the organism’s ability to attach to the host cell receptors, thus reducing or 

eliminating the extent of bacterial colonization on the bird’s intestinal or cecal walls.     
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With the application of BN, a reduction in the incidence of Campylobacter jejuni-positive 

carcasses arriving at the processing plant may reduce the incidence and level of Campylobacter 

jejuni-positive poultry products reaching wholesale and retail markets and therefore reduce the 

incidence of food-borne illness associated with poultry product consumption.  The successful 

completion of this project might also serve the poultry industry by providing an effective on-

farm intervention strategy in the event that the USDA-FSIS (Food Safety and Inspection Service) 

establish Campylobacter HACCP performance standards at the processing plant level.   

The objective of this research was to determine whether the application of 

nanotechnology would decrease Campylobacter jejuni occurrence in the gastrointestinal tract of 

poultry.  Four studies were conducted to determine the effects of the polystyrene cores and in 

vitro and in vivo binding of biofunctionalized nanoparticles or mannose on bird growth and C. 

jejuni populations.  

MATERIALS AND METHODS 

Four separate experiments were conducted in order to determine whether the application 

of biofunctionalized nanoparticles have the potential to decrease Campylobacter jejuni incidence 

in the gastrointestinal tract of poultry.  All animal studies were approved by The North Carolina 

State University Institutional Animal Care and Use Committee.  

Bacterial Cultures 

The Campylobacter jejuni culture strain 1321 used in this study was originally isolated 

by Dr. Sophia Kathariou (NCSU, Department of Food Science) from the North Carolina State 

University Turkey Research Production Unit.   
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Culture Maintenance and Inoculum Preparation   

Stock cultures of C. jejuni were maintained in equal volumes of sterile brain heart 

infusion agar (BHI, Difco Laboratories, Detroit, MI) and glycerol and stored at -80ºC.  Working 

cultures of the C. jejuni strain were maintained on Campy Cefex® agar (Gibson Laboratory, 

Lexington, KY) at 4ºC and then transferred to Brucella broth (Difco Laboratories, Detroit, MI) in 

Nunc EasY Vented Flasks (Fisher Scientific, Fair Lawn, NJ) prior to initiating an experiment.  

The culture was sealed in freezer bags containing a microaerophilic gas mixture composed of 

85% N2, 10% CO2 and 5% O2 (Ziploc, S.C. Johnson and Son Inc., Racine, WI) and incubated at 

42ºC for 48 hours.  

Nanoparticle Synthesis   

Nanoparticles were synthesized by colleagues at Clemson University (Dr. Ya-Ping Sun) 

in various controlled size particles and functionalized with selected surface functional groups.  

Synthesis is based on the self-assembly of organic polymers structured with intrapolymer binary 

pseudo-phase separation characteristics via the converging (Kitazawa et al., 1990; Miyata and 

Nakamae, 1996) or diverging approach (Merrifield, 1963; Zalipsky et al., 1994; Serizawa et al., 

1997).  The nanoparticle structure consists of a hydrophobic polystyrene core, a hydrophilic 

tether such as polyethylene glycol, and sugars or peptides that are functionally identical to the 

host cell receptor groups that are bound by the pathogen’s surface adhesions.  The potential 

bioactive molecules under development by the Clemson group included sialic acid, D-mannose, 

bioactive polypeptide sequence #1 (Sigma – A5582, shown to be a fibrinogen receptor 

antagonist), bioactive polypeptide sequence #2 (Sigma – A6677, shown to inhibit fibroblast 

binding to fibronectin), and bioactive polypeptide sequence #3 (Sigma – G5646, shown to inhibit 

cell attachment to fibronectin, vitronectin, and Type I collagen).  All of these molecules and 
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molecular segments are components of the extracellular matrix glycoproteins which are reported 

in the literature to represent the specific binding sites of microbial pathogens such as 

Campylobacter jejuni, Salmonella and Escherichia coli (Mulvey and Hultgren, 2000). 

Tolerance Study   

The effect of 15 polystyrene cores on turkey poult performance to six weeks of age was 

evaluated with continued observation to fourteen weeks.  Two hundred-forty female Nicholas 

poults were distributed equally across six pens (n = 40) on the day of hatch.  Each pen was 

approximately six square meters and contained slatted floors.  At one week of age the poults 

were banded, weighed and reduced in number to 198 (33 birds per pen).  The poults were 

gavaged into the crop with an aqueous solution containing the non-derivatized polystyrene core 

types (Table 1).  The cores (1 to 3% dry weight) were tethered with 1 to 3% polyethylene glycol 

with little crosslinking (or reversal capability).  In pens 1 through 4, poults were given 10 core 

treatments.  Poults in pens 5 and 6 received five different polystyrene treatments.  One to two 

poults per pen were gavaged with either 0.1, 0.5 or 1.0 mL of each treatment.  There were a total 

of at least four replicates (one per pen) of each treatment-dosage level.  In all pens (1-6), 3 

control poults were gavaged with distilled water.  In pen 6, due to lack of sufficient treatment 

volume, one core treatment was administered in triplicate at the 0.5 mL dose but not at 1.0 mL; 

another core treatment was administered in triplicate at the 0.5 mL dose but only one replicate at 

the 1.0 mL dose.  Body weights were determined at weeks 1, 3 and 6.  Body weight gains from 1 

to 3 weeks, 3 to 6 weeks and 1 to 6 weeks were calculated.  The poults were raised to 14 weeks 

of age; however, observations by treatment were terminated at 6 weeks.  A standard commercial 

turkey feed (corn-soybean based) and water were provided ad libitum.   
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In vitro Study   

The objective of this experiment was to determine if BN have a specific affinity for C. 

jejuni and would bind to and promote cellular aggregation in vitro.  The two BN (3% dry weight) 

evaluated in this experiment had a polystyrene core containing either D-mannose (#1) with 4 

molar % mannose or a tyrosine-glysine-glysine peptide (#2) with 3 molar % attached by a 

polyethylene glycol-tethered polymerization reaction (Merrifield, 1963; Budavari, 1989a,b; 

Kitazawa et al., 1990; Zalipsky et al., 1994; Miyata and Nakamae, 1996; Serizawa et al., 1997; 

Glazer and Nikaido, 1998).  The C. jejuni working culture was diluted in Brucella broth to 104 

colony forming units (CFU) per milliliter.  BN suspensions were diluted in 0.1% peptone water 

(Difco Laboratories, Detroit, MI) to 1:1, 1:10 and 1:100 by volume.  Each suspension dilution 

ratio was replicated three times using a fresh culture of C. jejuni (104 CFU per mL).  One and a 

half milliliters of C. jejuni and BN (3µg BN/1 CFU, 0.3µg BN/1 CFU, and 0.03µg BN/1 CFU) 

were combined, held at 5 or 30 minutes at room temperature, and spiral plated in duplicate onto 

Campy Cefex® agar using the Autoplate 4000 plater (Spiral Biotech, Bethesda, MD).  Plates 

were incubated as stated in the common laboratory procedures section.  Colonies were then 

enumerated with the ProtoCOL Automatic Colony Counter System (Software Version 2.06.07, 

Symbiosis, Cambridge, UK).       

Mannose in vivo Study   

In trial three, fifteen, 10-week old broilers (Ross 308 feather sexable females × Ross 

males, AviagenTM, Huntsville, AL), both male and female, were placed in individual growth 

cages.  A standard commercial broiler feed (corn-soybean based) and water were provided ad 

libitum.  Prior to receiving oral treatment, fecal samples from each bird were aseptically 

collected and taken to the laboratory where one gram of each sample was weighed and processed 
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as described in the common laboratory procedures section below.  The findings from this initial 

screening indicated that the broilers had been previously colonized with Campylobacter, and 

were actively shedding the organism (103 CFU per mL of diluted feces).  Five treatments were 

evaluated with three birds assigned per treatment.  Gavage treatments were as follows: control, in 

which no oral treatment was provided; 1 mL of BN; 2 mL of BN; 1 mL of a 10% mannose 

(Sigma – M4625, St. Louis, MO) solution; and 1 mL of a 20% mannose solution.  The BN 

treatment utilized in this study is the same as BN treatment #1 (mannose-tethered BN) in the 

previous study.  Twenty-four hours after gavage, the birds were sacrificed and fecal samples 

from under each cage were aseptically collected.  Additionally, the ceca and lower 

gastrointestinal contents, from Meckel’s diverticulum to the cloaca, were aseptically harvested, 

transferred to sterile filter bags (Spiral Tech, Norwood, MA) and transported to the laboratory for 

processing.  The methodology for processing the samples is described below.  C. jejuni isolation 

and enumeration followed the same procedures as used for the fecal samples. 

BN in vivo Study   

One hundred day-old male broiler chicks (Ross 308 feather sexable females × Ross 

males) were distributed across 24 growth cages (4 birds per cage) and provided commercial 

broiler starter feed and water ad libitum.  The broiler population was reduced to 52 birds at 3 

weeks of age.  The remaining birds were randomly placed 4 per cage.  The BN administered to 

the broilers in both experiments had not been previously tested in vivo.  

Experiment 1.  In this 3 day study, 20, 4 week old birds were placed in 5 cages labeled 

as one of two treatment groups.  Four control birds receiving no oral treatment were housed in a 

separate battery apart from the BN-gavaged birds.  The 4 cages allocated to the BN treatment 

were labeled for each of the BN treatment doses (1, 2, 4 and 8 mL).  Therefore, each bird per 
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cage was administered only one treatment dose of BN (1, 2, 4 or 8 mL) at the chosen time of 

treatment.  Sixteen birds received individual oral treatment doses of BN (1, 2, 4 or 8 mL) on day 

2 of the experiment.  All birds were euthanized by cervical dislocation on day 3.  Ten grams of 

feces from each cage were aseptically collected and transferred to sterile filter bags containing 9 

mL of 0.1% peptone water (Difco Laboratories, Detroit, MI).  The lower gastrointestinal tract, 

extending from Meckel’s diverticulum to the cloaca, and cecal tonsils of each bird (n = 4 per 

treatment; a combination of contents and tissue) were aseptically harvested, split open, and 

placed in separate filter bags containing 9 mL of 0.1% peptone water.  The samples were 

transported to the laboratory for processing as described in the common laboratory procedures 

section below. 

Experiment 2.  In this 3 day study, 32, 4 week old birds were placed in 8 cages labeled 

as one of two treatment groups.  The 4 cages per treatment group were labeled for each of the 

BN treatment doses (1, 2, 4 and 8 mL).  Therefore, each bird per cage was administered only one 

treatment dose of BN (1, 2, 4 or 8 mL) at the chosen time of treatment.  Sixteen birds total were 

administered an oral treatment of a mixture of Campylobacter jejuni (1 mL per bird of 105 

CFU/mL) and each of the doses of BN (MIX) on day 1 of the experiment.  The sixteen birds in 

the second treatment group, designated CBN, were challenged with C. jejuni on day 1 (1 mL per 

bird of 105 CFU/mL) and then gavaged with the BN treatment doses on day 2.  On day 3, all 

birds were euthanized by cervical dislocation.  Fecal and gastrointestinal tract samples were 

collected and processed as stated in experiment 1.     

Common Laboratory Procedures   

Samples transferred in individual sterile stomacher filter bags containing 9 mL of 0.1% 

peptone water were blended in an IUL Masticator for 1 minute (IUL Instruments, Cincinnati, 

 52



OH) and serially diluted in 0.1% peptone water.  Previous studies have shown the protective 

properties of 0.1% peptone water in maintaining the viability of bacteria (Straka and Stokes, 

1957).  Fifty microliters of each sample were spiral plated in duplicate on Campy Cefex® agar 

(Gibson Laboratory, Lexington, KY) using the Autoplate 4000 spiral plater (Spiral Biotech, 

Bethesda, MD).  The plates were sealed in gallon-sized freezer bags (3.78 liters; Ziploc, S.C. 

Johnson and Son Inc., Racine, WI) containing a microaerophilic gas mixture (85% N2, 10% CO2 

and 5% O2) and then incubated at 42°C for 48 hours.  C. jejuni-colony enumeration was 

determined using the ProtoCOL Automatic Colony Counter System (Software Version 2.06.07, 

Symbiosis, Cambridge, UK).  The minimum detectable level using this protocol system was 102 

CFU per mL. 

Statistical Analysis   

 Data for growth performance versus treatment dosage were analyzed using linear 

regression (experiment 1) while all other data were analyzed using the GLM method of SAS 

with treatment means separated using LS Means (P ≤ 0.05, SAS® Institute, Cary, NC).  The 

main effects compared gavage treatments, bacterial challenge, and bacterial challenge by gavage 

treatment interaction.  All populations of Campylobacter present in the ceca, gastrointestinal 

tract and feces were converted to logarithmic form (log10 N), as microbial populations are not 

normally distributed. 

RESULTS AND DISCUSSION 

Tolerance Study   

For nanoparticles to have any practical commercial value, not only must they be effective 

in preventing the colonization of Campylobacter in the gastrointestinal tract, but equally 

important they must be tolerated by the bird and not interfere with growth performance.  The 
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objective of this experiment was to determine the birds’ growth response to varying 

concentrations of the polystyrene core.  The mean body weights (BW) and body weight gains 

(BWG) by treatment at 1, 3 and 6 weeks are presented in Table 2.  After 6 weeks of monitoring 

bird weights with continued visual observation until 14 weeks, there were no significant 

differences (P ≥ 0.05) in BW or BWG between the 15 nanoparticle treatments (6 week BW 

average = 1.91 kg) and the control (1.91 kg).  There were no treatment differences in overall 

mortality (2.9%) or obvious behavior differences in poults receiving the polystyrene cores versus 

the control birds.  Based on the growth performance results in Table 2, the turkey poults 

apparently tolerated the polystyrene cores with no apparent adverse effects on growth observed.   

However, according to Budavari (1989a), nanoparticle toxicity remains a concern as 

long-term polystyrene core exposure may be irritating to mucous membranes.  Although 

polyethylene glycols (used in the biofunctionalized nanoparticle tethers) have extremely low 

toxicity and are widely used in food packaging (Budavari, 1989b), they stimulate eukaryotic 

membrane fusion (Glazer and Nikaido, 1998) and may exert a toxic effect if the nanoparticles are 

degraded by the intestinal microflora to their molecular components.  This experiment did not 

specifically test for polystyrene toxicity, only its impact on poult growth.  Actual acute and 

chronic toxicity tests would be much more involved and would require examining such organs as 

the liver and blood in addition to looking for evidence of changes in the gastrointestinal tract.  

Therefore, while the turkey poults tolerated the polystyrene cores further testing is required to 

determine possible long-term toxic effects on the host. 

In vitro Study   

The objective of this study was to determine the effects of two BN on C. jejuni in vitro.  

Tables 3 and 4 show Campylobacter populations as a function of varying exposure time to BN 
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and BN concentrations (#1 and #2, respectively).  There was a main effect for BN treatment #1 

(mannose-tethered BN) between the control and BN-treated samples (P ≤ 0.05) (Table 3).  All 

BN treatment doses yielded C. jejuni populations significantly lower than the control populations 

(0.24 to 0.30 logs).  The 1:0.1 treatment dose (0.3µg BN/1 CFU) yielded a lower C. jejuni 

population than the 1:1 treatment dose (3µg BN/1 CFU).  Table 4 shows that a main effect also 

occurred for BN treatment #2 though only at the P ≤ 0.10 significance level.  The 1:1 ratio BN 

treatment was more effective in reducing the Campylobacter population than the other two BN 

doses (0.43 log reduction).  No significant differences due to exposure time were observed.   

Previous studies have documented that the presence of D-mannose in vitro inhibits the 

binding of bacteria, specifically Campylobacter jejuni, to bird intestinal cells (Cinco et al., 1984; 

McSweegan and Walker, 1986; Lindquist et al., 1987; Droleskey et al., 1994; Russell and Blake, 

1994).  Of the two BN treatments examined in this experiment, BN #1 was synthesized with D-

mannose as a bioactive molecule; BN #2 was synthesized with a tyrosine-glysine-glysine peptide 

side chain.  The rapid association of bacteria to intestinal cells is indicative of adhesiveness.  

McSweegan and Walker (1986) concluded that the strength of the bond between C. jejuni and 

intestinal cells was related to the number of attachment sites between cell receptors and 

adhesions.  Adhesive properties of Campylobacter could be considered an early event in the 

complex colonization process of the intestinal mucosa.   

In the present study, the decrease in C. jejuni population for all treatment doses over the 

control treatment may be a result of increased BN-induced cellular aggregation which in theory 

would have yielded a smaller number of colonies composed of a larger number of aggregated 

cells.  Regardless of time, both BN treatments were effective in decreasing the C. jejuni colonies 

on the plating medium.  Though this may be statistically significant, it may be biologically 
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meaningless as there was less than a 0.5 log reduction in Campylobacter population.  In addition, 

the BN dose responses did not follow the predicted trend (i.e. lower populations for higher BN 

dose – 1:1) for the mannose-tethered BN (Table 3).  The lack of a significant dose response may 

indicate that BNs bind to cells but do not cause cellular aggregation.  Another possibility is that 

BNs bind to bacterial cells yet did not cause a significant aggregation due to an insufficient 

number of available BN.  Another possibility is that the experimental protocol used in this study 

lacks the specificity required to test the stated hypothesis.  The original goal in developing these 

BN was to create a nanoparticle with an affinity for bacterial adhesions – adhesions that 

recognize intestinal epithelial receptor sites.  While this concept may be effective (Cinco et al., 

1984; McSweegan and Walker, 1986; Russell and Blake, 1994), further in vitro studies may 

show that higher concentrations of BN are required to produce greater microbial aggregation. 

Preliminary research at Clemson University has shown that the BN have an affinity for 

the mannose receptor sites on the Campylobacter cell surface and that cell aggregation or 

attachment between the bacteria and BN may occur (Dr. Robert Latour, Clemson University, 

personal communication).  The present results differ to some extent from those preliminary 

studies; they observed a 90% reduction in Campylobacter jejuni population after 30 seconds of 

mixing the nanoparticles functionalized with mannose (#1) and the bacterial cells (BN to C. 

jejuni ratio was 500 µg per 106 cells) (data not published).  The difference in these studies could 

be due to differing concentrations of BN, a different lot of BN or variation in the BN-to-bacterial 

cell ratio (3µg BN/1 CFU versus 0.0005µg BN/1 CFU). 

Figure 1 shows a scanning electron micrograph of the interaction between the BN and a 

Campylobacter jejuni cell (generously provided by Dr. Fred Stutzenberger of the Department of 

Microbiology at Clemson University).  The C. jejuni cells were mixed with the BN for 3 minutes 
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at room temperature and then examined by scanning electron microscopy.  The black arrows 

indicate some areas in which the BN may have bound to the cell causing a distortion of the cell 

membrane.  These findings are similar to the study by Sondi and Salopek-Sondi (2004) who 

showed that when E. coli cells were exposed to 50 µg cm-3 of silver nanoparticles for one hour, 

the cells were surrounded by the nanoparticles and the membranes had been compromised.  The 

interaction between the nanoparticles and the bacterial cell membranes resulted in structural 

changes and degradation, as well as cell death.  In contrast, the nanoparticles produced by 

researchers at Clemson University have no proven bactericidal effects whereas silver ions are 

known for their bactericidal properties against cell membranes (Sondi and Salopek-Sondi, 2004). 

As neither nanoparticle type (BN #1 or #2) nor concentration impacted (with biological 

significance, i.e. 1.00 log population reduction) the Campylobacter populations in vitro, 

variations in laboratory procedures may have contributed to the differences detected between the 

two studies.  As Sondi and Salopek-Sondi (2004) reported, the inhibition of bacteria by silver 

nanoparticles depends on the ratio of bacterial cells to nanoparticles.  Increasing concentrations 

of silver nanoparticles delayed E. coli growth in liquid medium (Sondi and Salopek-Sondi, 

2004).  The present study combined 104 CFU per mL of Campylobacter jejuni with the BN, 

whereas researchers at Clemson tested 106 CFU per mL.  Both the present and Clemson studies 

mixed the BN and bacteria in liquid media and then subsequently plated the mixture onto solid 

agar.  The present in vitro study was unable to provide comparable findings (population 

reductions) to those found in Clemson’s preliminary study. 

Mannose in vivo Study   

The objective of this study was to determine how mannose or BN, in the presence of C. 

jejuni, effects fecal and intestinal C. jejuni populations.  Fecal samples taken before treatment 
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indicated that the fifteen, 10-week old broilers were colonized and actively shedding C. jejuni at 

a rate of approximately 103 CFU/mL.  Figure 2 is a summary of the Campylobacter jejuni 

populations recovered from the ceca, intestinal contents and feces of 10-week old broilers 

gavaged with 1 and 2 mL volumes of BN.  Significant differences (P = 0.08) between the control 

and two BN treatments were observed from populations recovered from the GI tract (Figure 2).  

The C. jejuni control cecal populations averaged log 3.40 ± 0.30 CFU per mL whereas birds 

receiving 1 and 2 mL volumes of BN yielded average C. jejuni populations of log 3.59 ± 0.30 

and 3.78 ± 0.30 per mL, respectively.  Intestinal C. jejuni populations were also influenced by 

the treatments such that the 1 mL of BN yielded a population of log 3.90 ± 0.26 which was 0.77 

log higher than the control population.  The 2 mL BN treatment yielded an intermediate 

population of 3.36 log CFU/mL.  Fecal populations of C. jejuni recovered 24 hours after 

treatment ranged from log 3.50 for the control to log 4.02 for the 1 mL BN treatment.  Figure 3 

summarizes the effect of gavaging 1 mL of a 10 or 20% mannose solution 24 hours to 10-week 

old broilers on native Campylobacter populations recovered from the ceca, intestinal tract and 

feces.  C. jejuni cecal populations averaged log 3.40, 3.57 and 4.30 CFU/mL for birds receiving 

1 mL of either a 0, 10 or 20% mannose solution, respectively.  Intestinal C. jejuni populations 

averaged log 3.13, 4.28 and 3.74 CFU/mL, respectively.  The populations recovered from the 

intestinal tract after treatment with mannose were significantly higher than the control treatments 

(P = 0.08).  Average fecal C. jejuni populations recovered 24 hours following the treatment 

gavage were log 3.50, 4.14 and 3.65 CFU/mL for the control, 10 and 20% of mannose, 

respectively (Figure 3).  Similar Campylobacter population patterns were observed across 

treatments in Figures 2 and 3 indicating a similar response by BN and mannose (i.e. elevated C. 

jejuni populations).  Figure 4 summarizes the reduction in C. jejuni populations recovered from 
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the feces before and after administration of the BN and mannose treatments.  When the mannose 

concentration was doubled, bacterial recovery from the feces was reduced by log 0.73 (P = 0.09).   

Since the original hypothesis was that BN are capable of attaching to C. jejuni and thus 

may interfere with colonization, higher intestinal Campylobacter populations observed for the 

BN treatments may mean that these organisms were not attached and therefore were more 

recoverable than Campylobacter populations in the control intestinal tracts.  The relevance of 

these population changes are not clearly understood.  Perhaps BN exposure time and 

concentration influenced the results.  Another possibility is that Campylobacter was already 

colonized (attached and being shed) and thus, no or minimal attachment sites may have existed 

for the BN.  The application of BN prior to bacterial challenge and colonization may be a better 

approach in ultimately reducing Campylobacter populations.   

Both Cinco et al. (1984) and McSweegan and Walker (1986) have reported that mannose 

reduced C. jejuni adherence to intestinal epithelium by 50-60%.  The possibility exists that an 

increase in bacterial populations (as seen in both treatments in samples taken from the ceca, 

gastrointestinal tract and feces) following exposure to both BN and mannose is a positive affect 

indicating less tissue adherence and therefore more recovery.  Perhaps a 24 hour post treatment 

time was insufficient to determine the ultimate effect of the two treatments; more shedding at 

first may have been followed by lower populations.  Overall, the 10% and 20% mannose 

treatments resulted in greater recovery of C. jejuni populations from the intestinal tract as 

compared to the control (Figure 3).      

BN in vivo Study   

Experiment 1.  The objective of this experiment was to determine the effect of varying 

doses (1, 2, 4 or 8 mL) of BN on recovery of C. jejuni populations from 4-week old broilers.  
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The native Campylobacter populations recovered from the ceca, gastrointestinal tract (GI) and 

feces of the control birds were log 2.83, 2.63 and 3.68 CFU/mL.  BN doses (1, 2, 4 or 8 mL) had 

no significant effect (P ≥ 0.05) on Campylobacter populations recovered from the ceca, GI and 

feces.  The data from each dose treatment were subsequently pooled to determine the overall 

impact of the BN treatment as compared to the control.  Figure 5 shows a lack of statistical 

significance across the pooled treatment C. jejuni populations.  Although similar in protocol to 

the previous study in which 1 or 2 mL of BN was shown to have reduced Campylobacter 

populations (P = 0.08) in the ceca, GI tract and feces of 10-week old broilers, this experiment did 

not yield the same effect.  Differences in bird age (4 weeks versus 10 weeks) and BN 

characteristics between the two studies may have contributed to the detectable differences 

between the two studies.         

Experiment 2.  The objective of experiment 2 was to determine the effect of a mixture of 

Campylobacter and varying doses of BN (MIX) versus Campylobacter challenge followed one 

day later by a BN treatment (CBN) on the recovery of C. jejuni populations from the ceca, 

intestinal tract and feces of 4-week old broilers.  There was a significant difference (P ≤ 0.05) in 

Campylobacter populations recovered from the ceca and GI tract between the two gavage 

treatments (MIX and CBN, Figure 6).  As in the first experiment, the individual dosage data 

from each treatment were pooled to test for differences between the MIX and CBN treatments.  

No differences in C. jejuni fecal populations were detected between the MIX and CBN 

treatments (P ≥ 0.05, Figure 6).  However, when the dose data was not pooled (Figure 7), there 

was a significant difference across all treatments except for the 2 mL dose of BN (P ≤ 0.05).   

The populations recovered from the ceca and GI samples after treatment with MIX are 

similar to the native Campylobacter populations recovered from the control birds in experiment 

 60



1.  This observation may indicate that the MIX treatment is more effective in aggregating 

colonized C. jejuni and then flushing them out through the feces as seen in the elevated 

populations recovered from the fecal samples (Figure 6).   

Although the exact mechanism of action of BN is undetermined, BN may behave 

similarly to that of mannose.  Based on the studies of Oyofo et al. (1989a,b,c) which 

demonstrated a positive interaction between mannose and Salmonella Typhimurium, findings 

from the present study may suggest a similar mode of action.  Oyofo et al. (1989a) hypothesized 

that it might be possible to block the lectins with mannose or similar sugars to inhibit the 

attachment of S. Typhimurium to intestinal cells.  An in vitro assay was developed for 

determining Salmonella adherence to chicken intestinal epithelial cells when combined with 

sugars; D-mannose was found to be an effective inhibitor of bacterial adherence (Oyofo et al., 

1989a).  A significant reduction in intestinal colonization by S. Typhimurium of more than 90% 

(P ≤ 0.05) was also demonstrated by Oyofo et al. (1989b,c).  The day-old broiler chicks were 

provided 2.5% D-mannose for 10 days via the drinking water.  Three days after hatch, they were 

orally challenged with 0.25 mL of S. Typhimurium.  The reduction in colonization may not 

indicate that D-mannose altered the binding mechanism of Salmonella to intestinal epithelial 

cells, but that the number of sites available for S. Typhimurium to bind were reduced (Oyofo et 

al., 1989c).  However, it was not determined whether the mannose acted specifically on the 

intestinal epithelial cells or on the bacterial cells (Oyofo et al., 1989a).  Other research findings 

show that the presence of D-mannose inhibits the adherence of C. jejuni to human intestinal cells 

(McSweegan and Walker, 1986; Russell and Blake, 1994) and protect against Campylobacter 

jejuni colonization in chickens (Schoeni and Wong, 1994).  Mannose apparently blocks the 

adherence of bacteria that have mannose-sensitive fimbriae or lectin-like appendages.  Therefore, 
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inhibition of binding to chicken intestinal cells by mannose may be explained by this blocking 

mechanism. 

CONCLUSION 

 The overall objective of this research was to determine whether the application of 

nanotechnology would decrease Campylobacter jejuni presence in the gastrointestinal tract of 

poultry.  The results from the BN trials were variable with no clear and consistent reduction in 

Campylobacter populations noted.  Any increase or decrease in populations is subject to a great 

amount of speculation as to the exact mechanism of action of BN.  The scope of work for this 

study was limited by the amount of BN available which influenced the number of exposure times 

that could be tested.  More BN material and continuous treatment with BN may have elicited 

greater changes in C. jejuni populations.  Further testing, both in vitro and in vivo, is warranted 

to conclusively define the specific effects of BN on C. jejuni. 
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Table 1.  Polystyrene core (PC) treatments used in the poult performance growth study. 
 
 

PC 
Treatment1

PEG 
Treatment2

% PEG3 PC Size 
(nm) 

Dry Weight 
Concentration 

% 
Crosslinking4

 
1 

 
St-peg 1500 

 
--5

 
200 

 
1.0-2.0 

 
0 

2 St-peg 900 -- 200 1.0-2.0 0 
3 St-peg 1500 -- 200 1.0-2.0 0 
4 St-peg 1500 -- 200 1.0-2.0 0 
5 St-peg 900 -- 200 1.0-2.0 0 
6 St-peg 900 -- 200 1.0-2.0 0 
7 St-peg 1500 -- 120 1.0-2.0 0 
8 St-peg 1500 -- 200 1.0-2.0 0 
9 St-peg 1500 2.0 220 1.0 0 
10 St-peg 900 1.4 150-200 2.0 0 
11 St-peg 526 3.0 -- 2.9 0 
12 St-peg 526 3.0 -- 3.0 0.1 
13 St-peg 526 3.0 -- 3.1 0.2 
14 St-peg 526 3.0 -- 3.0 0.3 
15 St-peg 526 3.0 -- 2.8 0.4 

 
 
1 Polystyrene core treatment. 
2 Polyethylene glycol treatment tether. 
3 Percent of polyethylene glycol present on polystyrene core. 
4 Percent crosslinking: reversibility coefficient. 
5 Unknown values. 
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Table 2.  Effect of the polystyrene core treatments on turkey poult body weights (BW) and body 
weight gains (BWG) to 6 weeks of age.  
 
Treatment 

 
Week 11 

(g) 
Week 31 

(g) 
Week 61 

(g) 
BWG 12 

(g) 
BWG 22 

(g) 
BWG 32 

(g) 
1 126.0 618.0 1937.5 492.0 1319.5 1811.5 
2 127.7 591.2 1825.0 463.5 1233.8 1697.3 
3 122.7 585.5 1862.5 463.1 1276.7 1739.8 
4 121.0 604.0 1900.0 483.0 1296.0 1779.0 
5 117.7 524.3 1790.1 406.6 1265.8 1672.4 
6 124.3 571.4 1741.4 447.1 1170.0 1617.1 
7 129.3 644.8 1945.8 515.5 1301.0 1816.5 
8 129.3 630.6 2041.6 501.3 1411.0 1912.3 
9 119.3 546.0 1781.0 426.7 1235.0 1661.7 
10 117.7 584.9 1845.4 467.2 1260.5 1727.7 
11 126.5 607.5 2012.4 481.0 1404.9 1885.9 
12 116.6 595.4 2006.9 478.8 1411.5 1890.3 
13 128.3 623.7 1963.0 495.4 1339.3 1834.7 
14 130.0 613.0 1963.0 483.0 1350.0 1833.0 
15 123.3 636.3 2109.8 513.0 1473.5 1986.5 

Control 117.4 592.6 1911.0 475.2 1318.4 1793.6 
 

SEM3
 

5.5 
 

25.3 
 

90.5 
 

23.5 
 

72.4 
 

85.7 
 
1  Week:  average poult body weights at weeks 1, 3 and 6.   
2   Body Weight Gain: 1 – gain from 1 to 3 weeks; 2 – gain from 3 to 6 weeks; 3 – gain from 1 to 
6 weeks. 
3  SEM:  no significant differences between control and core treatments (P ≥ 0.05, n = 4). 
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Table 3.  Effect of a mannose-tethered BN (treatment #1) on its ability to aggregate 
Campylobacter jejuni suspended in Brucella broth (Log10 CFU/mL) in vitro. 
 

 Ratio of Campylobacter jejuni to BN1

 Control2 1:12 1:0.12 1:0.012

Time3 (min) Time3 (min) Time3 (min) Time3 (min)  
 

Means 
 

Average 
Reduction5

 
4.644

 
0.00 

 
4.67 

 
0.00 

 
4.45 

 
0.19 

 
4.40 

 
0.27 

 
4.38 

 
0.26 

 
4.35 

 
0.32 

 
4.40 

 
0.24 

 
4.37 

 
0.30 

x 6 4.67a 4.43b 4.37c 4.39bc

 
SEM 

 
0.01 

 
0.02 

 
0.03 

 
0.02 

 
0.03 

 
0.03 

 
0.02 

 
0.02 

 
 

1  The biofunctionalized nanoparticle (BN) used in this experiment had a mannose surface  
coverage of ~ 4 molar % and a water emulsion concentration of ~ 6 weight %. 
2  Treatments: Control – only C. jejuni plated; 1:1 – a mixture of 1.5 mL of both BN and C. 
jejuni (3µg BN/1 CFU); 1:0.1 – a mixture of 1.5 mL of a 1:10 dilution of BN and 1.5 mL of C. 
jejuni (0.3µg BN/1 CFU); 1:0.01 – a mixture of 1.5 mL of a 1:100 dilution of BN and 1.5 mL of 
C. jejuni (0.03µg BN/1 CFU). 
3  Exposure time: 5 and 30 minutes.   
4  Initial C. jejuni starting population:  average log 4.64 CFU/mL. 
5  Population reductions were calculated by comparing the average control populations within an 
exposure time to the corresponding experimental treatments. 
6  Main effect means for BN treatment #1 regardless of time. 
a, b  Means with different superscripts are significantly different (P ≤ 0.05, n = 3). 
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Table 4.  Effect of a peptide-tethered BN (treatment #2) on its ability to aggregate 
Campylobacter jejuni suspended in Brucella broth (Log10 CFU/mL) in vitro. 
  

 Ratio of Campylobacter jejuni to BN1

 Control2 1:12 1:0.12 1:0.012

Time3 (min) Time3 (min) Time3 (min) Time3 (min)  
 

Means 
 

Average 
Reduction5

 
4.934

 
0.00 

 
4.91 

 
0.00 

 
4.52 

 
0.41 

 
4.46 

 
0.45 

 
4.81 

 
0.12 

 
4.56 

 
0.35 

 
4.76 

 
0.17 

 
4.70 

 
0.21 

x 6 4.92a 4.49c 4.68b 4.73b

 
SEM 

 
0.09 

 
0.05 

 
0.06 

 
0.01 

 
0.09 

  
0.03 

 
0.10 

 

1  The biofunctionalized nanoparticle (BN) used in this experiment had a peptide Tyr-Gly-Gly 
content of ~3 molar % and a water emulsion concentration of ~3 weight %. 
2  Treatments: Control – only C. jejuni plated; 1:1 – a mixture of 1.5 mL of both BN and C. 
jejuni (3µg BN/1 CFU); 1:0.1 – a mixture of 1.5 mL of a 1:10 dilution of BN and 1.5 mL of C. 
jejuni (0.3µg BN/1 CFU); 1:0.01 – a mixture of 1.5 mL of a 1:100 dilution of BN and 1.5 mL of 
C. jejuni (0.03µg BN/1 CFU). 
3  Exposure time:  5 and 30 minutes.   
4  Initial C. jejuni starting population:  log 4.93 CFU/mL. 
5  Population reductions were calculated by comparing the average control populations within an 
exposure time to the corresponding experimental treatments. 
6  Main effect means for BN treatment #2 regardless of time. 
a, b  Means with different superscripts are significantly different (P ≤ 0.10, n = 3). 
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Figure 1.  Scanning electron micrograph of the interaction1 between biofunctionalized 
nanoparticles (BN) and a Campylobacter jejuni cell.  1  C. jejuni cells were mixed with BN for 3 
minutes and were examined by SEM at room temperature.  Black arrows indicate some areas in 
which BN may have bound to and distorted the bacterial surface.  Generously provided by Dr. 
Fred Stutzenberger (Department of Microbiology, Clemson University). 
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Figure 2.  Effect of gavaging 1 and 2 mL volumes of biofunctionalized nanoparticles (BN) on Campylobacter jejuni populations 
recovered 24 hours after treatment from cecal and gastrointestinal (GI) contents and the feces of 10-week old broilers.  a,b Means with 
different superscripts are approaching significance (P = 0.08, n = 3) across treatments and within a sample group. 
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Figure 3.  Effect of gavaging 1 mL of a 10 and 20% mannose solution on Campylobacter jejuni populations recovered 24 hours after 
treatment from cecal and gastrointestinal (GI) contents and the feces of 10-week old broilers.  a,b Means with different superscripts are 
approaching significance (P = 0.08, n = 3) across treatments and within a sample group. 
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Figure 4.  Effect of gavaging varying concentrations of biofunctionalized nanoparticles (BN) and mannose (10 and 20%) treatments 
on fecal reduction in Campylobacter jejuni populations (before and after treatment) from 10-week old broilers.   
* Reduction in recovered population from feces sampled before and after mannose treatment is approaching significance (P = 0.09,  
n = 3). 
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Figure 5.  Effect of an oral gavage treatment1 of Campylobacter jejuni and biofunctionalized nanoparticles (BN) on C. jejuni recovery 
from the ceca, gastrointestinal (GI) tract and feces of 4-week old broilers (Log10 CFU/mL).  1  Oral gavage treatments:  CON – no 
challenge or treatment (control); BN – nanoparticles only.  2  Pooled data (n = 16): dose (1, 2, 4 or 8 mL). 
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Figure 6.  Effect of two oral gavage treatments1 (MIX and CBN) of Campylobacter jejuni and biofunctionalized nanoparticles (BN) on 
C. jejuni recovery from the ceca, gastrointestinal (GI) tract and feces of 4-week old broilers (Log10 CFU/mL).  1  Oral gavage 
treatments:  MIX – combination of nanoparticles and C. jejuni (1 mL of 105 CFU/mL); CBN – Campylobacter (1 mL of 105 CFU/mL) 
24 hours prior to the nanoparticle treatment.  2  Pooled data (n = 16): dose (1, 2, 4 or 8 mL).  a,b Means with different superscripts are 
statistically significant (P ≤ 0.05). 
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Figure 7.  Effect of an interaction between gavage treatments1 (MIX or CBN) and dose (1, 2, 4 or 8 mL) on Campylobacter jejuni 
populations recovered from the feces of 4-week old broilers.  1  Oral gavage treatments:  MIX – combination of nanoparticles and C. 
jejuni (1 mL of 105 CFU/mL); CBN – Campylobacter (1 mL of 105 CFU/mL) 24 hours prior to the nanoparticle treatment.  a,b Means 
with different superscripts are statistically significant (P ≤ 0.05, n = 16). 
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MANUSCRIPT 2.  EFFECT OF IMMUSTIM® AND PROTIMAX® ON 
CAMPYLOBACTER JEJUNI AND SALMONELLA TYPHIMURIUM POPULATIONS IN 

BROILERS  
 

ABSTRACT 
 

Two of the most common microorganisms associated with food-borne illnesses are 

Campylobacter jejuni and Salmonella serotypes which are readily found in poultry house 

environments.  The repeated implication that poultry products are a significant source of food-

borne disease organisms has scientists examining methods of reducing bacteria at the farm level.  

The first objective of this experiment was to reduce the populations of S. Typhimurium (S) and 

C. jejuni (C) in the gastrointestinal (GI) tract of broilers by feeding a diet supplemented with 

either a beta-1,3/1,6-glucan (Immustim®) or a spray-dried egg product from hens immunized 

against Salmonella (Protimax®) on intestinal S and C populations.  The second objective was to 

evaluate the impact of feeding these dietary supplements on broiler performance to 21d or 28d.   

To accomplish these objectives, two studies were conducted consisting of the same experimental 

design.  Male broiler chicks (600, Ross 308 feather sexable females × Ross males) were placed at 

10 per pen (12 pens per battery) in 3 rooms (2 batteries per room).  C- and S-challenged and non-

challenged control chicks were housed in separate rooms.  Pens were randomly assigned one of 

three feed treatments added to a standard starter feed.  Dietary Immustim® levels were 0, 20 or 

40g per ton.  Feed treatments for the second study consisted of a negative control (a standard 

starter feed), a positive control (a spray-dried egg product without immunoglobulins) and 

Protimax® (both fed at 6kg per ton).  In study 1, chicks were gavaged at 3d with 1mL of a 106 

cfu per mL culture of a nalidixic acid-resistant S strain, and at 14d with 1mL of a 106 cfu per mL 

culture of C.  Lower GI tract and cecal samples (tissue and contents) were collected on 7, 14, 17 

(C only) and 21d.  In study 2, chicks were gavaged with the same S strain at 7d and C at 14d.  
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Lower GI tract and cecal samples were aseptically collected on 14, 21 and 28d.  The samples 

were serially diluted in 0.1% peptone water and spiral plated (50µL) onto Brain Heart Infustion 

(BHI) agar, BHI agar with 800ppm nalidixic acid and Campy Cefex® agar.  Control sample 

plates and those plates used in estimating S populations (BHI with nalidixic acid) were incubated 

at 37C for 24h while Campy Cefex® plates were incubated at 42C for 48h under microaerophilic 

conditions.  Data were analyzed using the GLM procedures of SAS with means separated using 

LS Means (P ≤ 0.05).  Neither feed treatment affected broiler GI tract S or C populations.  

However, improved bird performance (from 633g to 690g) was observed for non-challenged 

birds fed Immustim®.  Moreover, S-challenged birds also showed improvement in body weight 

(from 635g to 691g) and feed conversion (from 1.62 to 1.44) at 20g per ton of Immustim®, 

while birds challenged with C showed improved FC (from 1.69 to 1.45) when fed 40g per ton.  

The addition of Protimax® resulted in reduced bird growth (from 805g to 770g) for C-

challenged birds.  However, Protimax® improved cumulative FC (from 1.27 to 1.20) for S-

challenged birds, but had a negative impact on non-challenged and C-challenged birds.  Overall, 

the positive effects from using Immustim® as a dietary supplement were greater than the effects 

of using Protimax®.  In a commercial setting, Immustim® may provide increased bird 

performance and health. 
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INTRODUCTION 

An estimated 76 million people become ill annually in the United States from consuming 

contaminated foods resulting in 325,000 hospitalizations and 5,000 deaths (Mead et al., 1999).  

Two of the most common microorganisms associated with food-borne illnesses are 

Campylobacter jejuni and Salmonella serotypes which are readily found in poultry house 

environments.  It is well recognized that human pathogens and other bacteria are transmitted 

from animals to humans through the food chain (Singer et al., 2003).  According to Stern and co-

authors (1985, 1992), Campylobacter has been isolated in 98% of retail poultry carcasses.  In 

addition, James et al. (1992) estimated that approximately 25% of poultry carcasses are 

contaminated with Salmonella, and that S. Typhimurium was the most common serotype isolated 

from processed broiler carcasses.  The repeated implication that poultry products are a significant 

source of food-borne disease organisms has scientists examining methods of reducing bacteria at 

the farm level.   

The potential restricted use of antibiotics in the U.S. as growth promotants in poultry feed 

has led to a search for alternative nutritional strategies to enhance animal growth while 

suppressing food-borne pathogenic bacterial colonization and shedding.  Natural compounds 

with dietary immunomodulatory potential, such as beta-glucans, may provide a viable nutritional 

strategy.  Beta-glucans are believed to improve immune function by activating macrophages.  

Tissue macrophages are phagocytes that devour foreign microorganisms thus eliminating them 

from the host.  Qureshi et al. (2003) investigated the efficacy of a beta-1,3/1,6-glucan as a 

possible immunomodulator in broiler chickens.  This purified baker’s yeast beta-1,3/1,6-glucan 

derived from Saccharomyces cerevisiae is marketed under the name of Immustim® (Immudyne 

Inc., Houston, TX) and reportedly is an effective immuno-stimulant.  In purified form, beta-1,3-
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glucans provide protection against bacterial infections in animals by increasing the host’s ability 

to kill microorganisms.  Immustim® is hypothesized to stimulate humoral immunity thereby 

increasing antibody production and to enhance animal growth by counteracting the adverse 

effects of intestinal bacterial pathogens.  Lowry et al. (2003) concluded that as feed additives, 

beta-glucans provided significant protection against Salmonella enterica serovar Enteritidis (SE) 

invasion (P ≤ 0.05) and significantly increased phagocytosis (P ≤ 0.05) in young chickens.  Since 

adequate resistance of animals to infectious diseases depends on functional immune responses, it 

is believed that immuno-stimulants will be an effective means of increasing the 

immunocompetence and disease resistance of animals. 

In poultry, passive transfer of protection and immunoglobulin secretion occurs through 

the egg for future use by the hatching chick.  Chickens and dairy cows receiving multiple 

inoculations of vaccines with inactivated pathogenic bacteria, known as hyperimmunization, 

have resulted in the production of “immune” eggs and milk (Ebina et al., 1985; Owens and 

Nickerson, 1988; Davidson et al., 1989; Fayer et al., 1989; Ormrod and Miller, 1991).  Fichtali 

et al. (1994) concluded that serum antibodies of hyperimmunized hens are effectively transferred 

and accumulated in the egg yolk.  Therefore, consumption of eggs produced by hyperimmunized 

hens would be expected to protect the host against the specific pathogen with which the hen was 

immunized (Bartz et al., 1980; Kuhlmann et al., 1988; Tacket et al., 1988; Kuroki et al., 1994; 

Tsubokura et al., 1997).  Trouw Nutrition USA (Highland, IL) has developed a poultry-specific 

product, Protimax®-Salmonella package (SL-503), designed to protect young birds against 

invasive bacteria while improving nutritional performance and health.  This product is produced 

by immunizing hens against Salmonella species (S. Typhimurium, S. Dublin, S. Enteritis, S. 

Heidelburg, S. Choleris) and Escherichia coli J5.  Following vaccination, eggs are collected, 
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washed, broken and the yolk and egg whites spray-dried into a fine protein-egg yolk 

concentrated powder.  This spray-dried egg product has proven to be effective in calves and 

swine resulting in increased health and performance (Doyle, 2001).  Protimax® is described by 

Trouw Nutrition as a natural dietary additive (not a drug or an antibiotic) that prevents microbial 

attachment to the gastrointestinal tract.  By administering Protimax® orally to a young bird, the 

antibodies present in the spray-dried product are hypothesized to coat the gut without interfering 

with nutrient intake and digestibility.  Such concentrated immunity provides a natural resistance 

to infection while the offspring’s own immune system develops.  Antibody production in eggs is 

particularly advantageous because chicken yolk immunoglobulins are known as a practical 

source of antibodies since they are available in relatively large amounts in the yolk and can 

readily be separated from the egg white (Losch et al., 1986).  Two studies were conducted to 

examine the effects of two feed additives, Immustim® and Protimax®, on growth performance 

and bacterial pathogen populations in the lower gastrointestinal tract and ceca of broiler 

chickens. 

MATERIALS AND METHODS    

Bacterial Cultures   

The Campylobacter jejuni strain (#1321) used in this study was originally isolated from 

the North Carolina State University Turkey Research Unit and was provided by Dr. Sophia 

Kathariou (NCSU, Department of Food Science).  The nalidixic acid-resistant Salmonella 

Typhimurium strain was obtained from Dr. Nelson Cox located at the USDA/ARS Richard B. 

Russell Research Center located in Athens, Georgia.   
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Culture Maintenance and Inoculum Preparation   

Stock cultures of C. jejuni and S. Typhimurium were maintained in equal volumes of 

sterile brain heart infusion agar (BHI, Difco Laboratories, Detroit, MI) and glycerol and stored at 

-80ºC and -20ºC, respectively.  The C. jejuni strain was maintained on Campy Cefex® agar 

(Gibson Laboratory, Lexington, KY) at 4ºC and then transferred to Brucella broth (Difco 

Laboratories, Detroit, MI) in Nunc EasY Vented Flasks (Fisher Scientific, Fair Lawn, NJ) prior 

to initiating an experiment. The Campylobacter strain was sealed in gallon-sized freezer bags 

(3.78 liters; Ziploc, S.C. Johnson and Son Inc., Racine, WI) containing a microaerophilic gas 

mixture composed of 85% N2, 10% CO2 and 5% O2 and incubated at 42ºC for 48 hours.  The 

nalidixic acid-resistant S. Typhimurium strain was maintained at 4ºC on BHI agar (Difco 

Laboratories, Detroit, MI) supplemented with 200 parts per million (ppm) nalidixic acid and then 

prior to initiating an experiment the culture was transferred to BHI broth with 1000 ppm 

nalidixic acid and incubated for 24 hours in a 37ºC agitating incubator.   

Immustim® Study   

Immustim® was added to a standard broiler starter feed at 0, 20 or 40 grams per ton to 

provide 3 feed treatments for this study.  Six hundred day-of-hatch male broiler chicks were 

placed 10 per pen, 12 pens per battery (Petersime Incubator Company, Gettysburg, OH) in 3 

rooms.  One room housed the control birds (1 battery), a second room housed those birds 

challenged with Salmonella (2 batteries), and the third room was used for Campylobacter-

challenged birds (2 batteries).  The three feed treatments containing Immustim® were randomly 

assigned to 4 out of the 12 pens/battery in each room.  At placement, 8 chicks from the pre-

placed population were sacrificed and the lower gastrointestinal tract and ceca were aseptically 

harvested and then placed into sterile filter bags (Spiral Tech, Norwood, MA).  Samples were 
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immediately transported to the laboratory and processed according to the procedures described in 

the common laboratory procedure section below.  It is well known that chickens become 

colonized with Salmonella early in life; Milner and Shaffer (1952) reported a 50% infection of 

orally challenged day-old chicks with only 10 cells of S. Typhimurium.  Therefore, chicks were 

gavaged three days after hatch with 1 mL of a 106 cfu per mL culture of the nalidixic acid-

resistant Salmonella Typhimurium test strain.  Campylobacter is rarely detected in chickens less 

than two to three weeks of age (Annan-Prah and Janc, 1988; Shane, 1991a,b; Jacobs-Reitsma et 

al., 1995; Shreeve et al., 2000; Stern et al., 2001); therefore, on day 14, 1 mL of a 106 cfu per 

mL culture of C. jejuni was orally administered to those birds housed in the third room.  Lower 

intestinal tract samples from Meckel’s diverticulum to the cloaca, which included the ceca, were 

collected on 7, 14, 17 (C. jejuni only) and 21 days.  At each sample collection day the same 

laboratory methodology was followed as described for the day-of-hatch samples.   

Protimax® Study   

Three feed treatments were used for the Protimax® study.  The negative control consisted 

of the standard starter feed.  Six kilograms per ton of a spray dried-egg product with and without 

immunoglobulins (Protimax® and the positive control, respectively) were each added to separate 

standard starter feeds.  Six hundred male broiler chicks were placed 10 per pen (12 pens per 

battery) in 3 rooms.  One room housed the control birds (1 battery), the second housed those 

birds challenged with Salmonella (2 batteries), and the third room housed the Campylobacter-

challenged birds (2 batteries).  The three feed treatments were randomly assigned within each 

battery allowing for 4 pens per treatment.  At placement, 8 chicks were sacrificed and the lower 

gastrointestinal tract and ceca were aseptically harvested and then placed into sterile filter bags.  

Chicks were gavaged with 1 mL of a 106 cfu per mL culture of the nalidixic acid-resistant 
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Salmonella Typhimurium strain at 7 days and 1 mL of a 106 cfu per mL culture of C. jejuni at 14 

days.  Lower intestinal tract samples from Meckel’s diverticulum to the cloaca, which included 

the ceca, were removed on 14, 21 and 28 days.  At each sample collection day the same 

laboratory methodology was followed as described for the day-of-hatch samples as summerized 

below.     

Common Laboratory Procedures   

Gastrointestinal tract samples contained in individual sterile stomacher filter bags were 

blended for 1 minute with 9 mL of 0.1% peptone water (Difco Laboratories, Detroit, MI) in an 

IUL Masticator (IUL Instruments, Cincinnati, OH) and then serially diluted in 0.1% peptone 

water.  Previous studies have shown the protective properties of this diluent in maintaining the 

viability of bacteria (Straka and Stokes, 1957).  Fifty microliters of each sample were spiral 

plated in duplicate onto Campy Cefex® agar (Gibson Laboratory, Lexington, KY), brain heart 

infusion agar (BHI, Difco Laboratories, Detroit, MI) and BHI agar with 800 ppm nalidixic acid 

using an Autoplate 4000 spiral plater (Spiral Biotech, Bethesda, MD).  Non-challenged, control 

samples were plated onto BHI agar to determine total aerobic bacterial populations; Salmonella 

and C. jejuni-challenged intestinal samples were plated onto BHI agar with nalidixic acid or 

Campy Cefex® agar, respectively.  Campy Cefex® plates were sealed and incubated at 48ºC for 

48 hours in freezer bags (Ziploc, S.C. Johnson and Son Inc., Racine, WI) containing a 

microaerophilic gas mixture (85% N2, 10% CO2 and 5% O2) whereas the other two sets of plates 

were incubated at 37ºC for 24 hours.  After incubation, colonies were enumerated to estimate the 

population of Campylobacter, Salmonella or other facultative intestinal microorganisms using 

the ProtoCOL Automatic Colony Counter System (Software Version 2.06.07, Symbiosis, 

Cambridge, UK).  All plate count results were converted to logarithmic form (log10 N). 
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Statistical Analysis   

The experimental unit was the pen.  Data for growth performance versus treatment dosage were 

analyzed using the GLM method of SAS with treatment means separated using LS Means (P ≤ 

0.05; SAS® Institute Inc., Cary, NC).  The main effects compared feed treatments (3), bacterial 

challenge (2), and bacterial challenge by feed treatment interaction.  Data for bacterial 

populations were analyzed using a one-way ANOVA test (SAS® Institute Inc., Cary, NC).   

RESULTS AND DISCUSSION 

Immustim® Study   

Salmonella-challenged birds receiving the 20 grams per ton of Immustim® demonstrated 

significantly improved BW at two and three weeks of 6.4 to 8.8%, respectively, over birds 

receiving 0 and 40 grams per ton of Immustim® (Table 1).  No improvement in BW was 

detected for Campylobacter-challenged birds, possibly because the oral challenge occurred at 2 

weeks and sampling at 3 weeks.  However, feed conversion improvements of 9.9 and 16.6% 

were observed for non- and Campylobacter-challenged birds receiving the 40 grams per ton of 

Immustim®, respectively (Table 2).  In addition, feed conversion of Salmonella-challenged birds 

receiving the intermediate level of Immustim® was improved by 11.1 to 19.1% compared to 

birds fed the 0 and 40 grams per ton Immustim®-supplemented diets, respectively, for week 3 

(Table 2).  As a dietary treatment, Immustim® did not influence the intestinal Salmonella or C. 

jejuni populations (Table 3).  However, birds fed 40 grams/ton of Immustim® had reduced total 

mesophilic bacteria levels (0.34 to 0.58 log reduction) on day 14 compared to birds receiving 0 

or 20 grams/ton dietary Immustim® (Table 3).  While this reduction was statistically significant, 

it cannot be considered biologically meaningful as the difference was only log 0.5 and the 

recovered populations remained above log 7.00 CFU/mL.   
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The results of the performance data support previous findings in which feeding 

Immustim® significantly improved body weight and feed conversion in poultry.  Qureshi et al. 

(2003) investigated the efficacy of Immustim® as a possible immunomodulator in broiler 

chickens.  Day-old chicks were fed diets containing three different levels (0, 20 or 40 mg/kg) of 

the beta-glucan to five weeks of age.  Diets with Immustim® were more effective in improving 

the broilers’ macrophage phagocytic functions which is thought to result in improved overall 

performance.  Huff et al. (2002) examined the effect of dietary treatments of Immustin® at levels 

of 0, 10, 20, 40 or 80 grams/ton of feed on day-old male turkey poults.  The turkeys were 

challenged with 50-100 CFU of Escherichia coli at 4 weeks of age.  They found that at 7 weeks 

of age, non-challenged turkeys fed 10 or 20 grams/ton of Immustim® had significantly higher 

body weights.  The current study found a similar trend at 3 weeks of age (3.8 to 9%) at the 20 

grams/ton dose.  In the current study, only Salmonella-challenged birds demonstrated an increase 

in body weight through the inclusion of Immustim®.  The addition of Immustim® to the diets of 

C. jejuni-challenged birds perhaps did not result in any significant increase in body weight due to 

the fact that they were challenged at a later date (day 14) than the Salmonella-challenged birds 

(day 3).  This may not have allowed sufficient time for the Immustim® supplementation to have 

impacted performance as was the case with the Salmonella-challenged birds.  Future research 

may benefit by extending the investigation to allow for equal time between bacterial challenges 

and performance body weight measurements.  Supplementing the diet with 20, 40 and 80 

grams/ton of Immustim® significantly improved feed conversion of E. coli-challenged 7 week-

old turkeys (Huff et al., 2002).  The findings from the present study indicate that feed conversion 

for C. jejuni-challenged birds increased at only the 40 grams/ton Immustim® level, whereas 20 

grams/ton improved feed conversion in the Salmonella-challenged birds.  In both studies, dietary 
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treatment with Immustim® did not affect bacterial populations of E. coli (Huff et al., 2002), 

Salmonella or C. jejuni.  

  Similar results have also been found for dietary mannanoligosaccharide (MOS) which is 

derived from the cell wall components from the yeast Saccharomyces cerevisiae.  MOS has been 

shown to alter immune function (Newman, 1994; Savage and Zakrzewska, 1996; Pettigrew, 

2000; Davis et al., 2004) as well as to improve growth performance of weanling pigs (Connolly, 

2001; Miguel et al., 2003).  In a 28-day study conducted by Burkey et al. (2004), weaned pigs 

were evaluated for growth and bacterial shedding when fed MOS.  A diet containing 1500 ppm 

of MOS was provided 2 weeks before and 2 weeks after an oral challenge of Salmonella 

Typhimurium (administered on day 14 with 109 CFU/mL).  They observed that feed efficiency 

improved after Salmonella challenge in pigs fed MOS and therefore concluded that feeding MOS 

before an acute enteric disease challenge may support improved gut function.  In order to 

determine the effect on growth performance, Rozeboom et al. (2005) compared diets containing 

MOS to the use of antimicrobials (tylosin and sulfamethazine) in young pigs reared on three 

different farms.  They observed that diets supplemented with a combination of MOS and 

antimicrobials proved to be more beneficial for growth performance (410 grams/day) compared 

to administering them separately.  MOS alone increased (P < 0.05) the average daily gain from 

day 0 to 42 by 394 grams/day; antimicrobials had an average daily gain by 406 grams/day 

(Rozeboom et al., 2005).  Cetin et al. (2005) fed 15-day-old turkeys diets supplemented with 

probiotics (Primalac®454) and MOS for 15 weeks in order to determine the effect on selected 

hematological and immunological parameters.  The addition of MOS resulted in increases (P < 

0.05) in immunoglobulin (IgG and IgM) levels at 15 weeks of age resulting in a more positive 

effect on growth performance and disease resistance (Cetin et al., 2005). 
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In contrast, both Ko et al. (2000) and White et al. (2002) reported a lack of or a negative 

response when yeast from which MOS is derived, was fed to young pigs.  For their 28-day study, 

White and co-authors (2002) treated 22-day-old pigs with a diet containing 3% dried brewers 

yeast made up of 43% crude protein, 2.97% lysine and 3.13 Mcal ME/kg.  A positive growth 

response was not observed in their study; growth was actually depressed in the yeast-

supplemented pigs (White et al., 2002).  However, the research performed by White et al. (2002) 

did result in an increase (P < 0.01) in immunoglobulin (IgG) levels in pigs fed the 3% yeast. 

Protimax® Study   

Non-challenged birds fed diets supplemented with Protimax® had similar 21-day BW 

(750-765 grams) as the positive (spray-dried egg product without immunoglobulins) and 

negative (standard diet) control treatments (Table 4).  The administration of Protimax® to the 

Campylobacter-challenged birds did not improve body weights over that of the negative and 

positive control birds or over those of the non-challenged birds.  Moreover, C. jejuni-challenged 

birds fed the spray-dried egg products with and without immunoglobulins had significantly 

reduced BW of 4.8 to 5% at 3 weeks of age (Table 4).  The Salmonella-challenged birds fed 

Protimax® had lower cumulative feed conversions (4.0%) than the corresponding positive 

Salmonella-challenged control birds (Table 5).  Although in the presence of Salmonella 

Protimax® was effective in reducing the cumulative feed conversion, further research would be 

required to determine reproducibility.  In a commercial setting where birds are not challenged 

with enteric bacteria, a producer would not desire any adverse effects from administering 

Protimax®.  Therefore, further research is needed to validate the true benefits of Protimax®.  

The Salmonella and C. jejuni challenges did not affect BW or feed conversion (Tables 4 and 5).  

Protimax® had no apparent influence on the intestinal Salmonella or C. jejuni populations 
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although birds fed the positive control treatment had reduced Salmonella populations at day 21 

and at 28 days both Protimax® and the positive control products yielded significantly smaller 

Salmonella populations (1.17 to 1.44 logs) over that of the negative control treatment (Table 6).  

The Protimax® product tested in this research may have lacked specificity against the two target 

test organisms since the hens had not been challenged with attenuated Campylobacter and thus 

would not have produced specific antibodies against Campylobacter.  Furthermore, antibodies 

specific for S. Typhyimurium may lack broad specificity against all strains of S. Typhimurium 

and thus may not have been effective against the nalidixic acid-resistant Typhimurium strain 

used in the present study.   

Protimax® is a natural dietary additive that presumably prevents microbial attachment to 

the gastrointestinal tract.  By administering Protimax® orally to a young bird, the egg yolk 

antibodies present in the spray-dried product are hypothesized to coat the gut without interfering 

with nutrient intake and digestibility.  Sugita-Konishi et al. (1996) reported that avian-specific 

antibodies inhibited growth of Pseudomonas aeruginosa and Staphylococcus aureus enterotoxin-

A as well as prevented adhesion of Salmonella enteritidis to cultured human intestinal cells 

(Caco 2).  Other studies have demonstrated that egg yolk antibodies possess immune function in 

preventing bacterial shedding and infection in vivo (Ikemori et al., 1992; Peralta et al., 1994; 

Imberechts et al., 1997; Yokoyama et al., 1998a,b; Marquardt et al., 1999).   

Although Protimax® did not yield the expected intestinal population reductions as 

hypothesized, other researchers have reported that chicken yolk antibodies were effective in 

preventing diarrhea in experimentally infected animals (Jungling et al., 1991; Wiedemann et al., 

1991; Deprez et al., 1992; Yokoyama et al., 1992) and reducing intestinal colonization by 

enterotoxigenic Escherichia coli (ETEC) in weaned pigs (Deprez et al., 1992; Erhard and Losch, 
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1994 as referenced by Zuniga et al., 1997; Imberechts et al., 1995).  Zuniga and co-authors 

(1997) reported a 3 log (CFU/mL) decrease (P ≤ 0.05) in fecal E. coli populations recovered 

from weaned pigs fed a spray dried hyperimmunized egg powder with antibodies against fimbria 

F18.  Imberechts et al. (1997) reported that feed treated with chicken egg-yolk F18ab antibodies 

inhibited attachment of F18ab positive E. coli bacteria to the intestinal mucosa of weaned pigs.  

The antibodies were hypothesized to have interfered with the adhesion of bacteria to the 

intestinal wall, thereby preventing colonization.  Tsubokura et al. (1997) reported that the 

prophylactic use of egg yolk antibodies produced from hyperimmunized hens against C. jejuni 

were effective in preventing C. jejuni infection in chickens.  As the antibody used in the 

Tsubokura study was not bactericidal or bacteriostatic (as shown by Ma et al., 1990), this 

strategy may have altered the growth characteristics of C. jejuni causing clumping which 

presumablymay have affected the degree of colonization. 

CONCLUSION 

Overall, improved performance and feed conversion were observed with the dietary 

supplementation of Immustim®.  Supplementing the diet at 20 grams per ton of Immustim® (the 

recommended dose) had a greater impact on bird body weight and feed conversion when 

challenged with Salmonella than with Campylobacter.  The addition of Protimax® to the diet 

resulted in no apparent benefit to the bird other than an improved cumulative feed conversion 

through three weeks of age.  Although the concept of using Protimax® as a dietary supplement 

may have merit, more testing with better defined conditions, larger bird populations and a more 

specific host-designated product would be required. 
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Table 1.  Effect of Immustim® on body weight (grams) of broiler chickens. 
 
 Non-challenged S-challenged1 C-challenged1

 02 202 402 x  SEM 02 202 402 x  SEM 02 202 402 x  SEM 
 

Placement 
 

41.9 
 

42.5 
 

42.8 42.4 
 

0.5 42.5 43.4 44.5 43.5 0.5 42.5 42.1 41.8 42.1 0.4 
 

x 3      42.2 42.9 43.6   42.2 42.3 42.3   
 
 

Week 1 

 
 

174.2 

 
 

190.1 

 
 

175.7 179.9 

 
 

3.7 178.2 179.3 190.2 182.6 3.5 179.0 165.6 177.3 173.9 5.5 
 

x 3      176.2 184.7 183.0   176.6 177.8 176.5   
 
 

Week 2 

 
 

405.2 

 
 

462.4 

 
 

408.6 425.4 

 
 

7.1 403.1 428.7 427.7 419.7 6.7 440.8 433.8 427.8 434.1 7.3 
 

x 3
 
     404.1b 445.4a 418.1b   422.9 448.1 418.2   

 
 

Week 3 

 
 

633.3 

 
 

690.1 

 
 

664.9 663.1 

 
 

7.2 635.4 691.0 639.7 655.4 6.9 664.4 671.3 682.3 672.6 7.1 
 

x 3      634.4b 691.0a 652.3b   648.8 681.2 673.6   
 

 
 
1 Birds were challenged with Salmonella Typhimurium (S) or Campylobacter jejuni (C) at 3 and 14 days, respectively. 
2 Dietary treatments:  0, 20 or 40 grams/ton. 
3 Main effect means for Immustim® which include data for the non-challenged birds. 
a,b Means with different superscripts within a row and within a challenge group are significantly different (P ≤ 0.05, n = 4). 
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Table 2.  Effect of Immustim® on feed per gain ratio of broiler chickens. 
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1 Birds were challenged with Salmonella Typhimurium (S) or Campylobacter jejuni (C) at 3 and 14 days, respectively. 
2 Dietary treatments:  0, 20 or 40 grams/ton. 
3 Main effect means for Immustim® which include data for the non-challenged birds. 
4 CumFC:  Cumulative feed conversion (from 1 to 21 days). 
a,b Means with different superscripts within a row and within a challenge group are significantly different (P ≤ 0.05, n = 4). 
A,B Means with different superscripts within a row are significantly different (P ≤ 0.05, n = 4). 
 

 Non-challenged S-challenged1 C-challenged1

 02 202 402 x  SEM 02 202 402 x  SEM 02 202 402 x  SEM 
 
 

Week 1 1.65 1.49 1.82 1.65 0.09 1.71 1.67 1.53 1.64 0.08 1.62 1.91 1.67 1.73 0.11 
 

x 3      1.68 1.58 1.67   1.64 1.70 1.74   
 
 

Week 2 0.97 0.79 1.01 0.92 0.04 1.05 0.95 1.00 1.00 0.03 0.88 0.83 0.95 0.89 0.04 
 

x 3      1.01 0.87 1.00   0.92 0.81 0.98   
 
 

Week 3 1.62AB 1.64AB 1.46BC 1.57 0.05 1.62AB 1.44C 1.78A 1.61 0.03 1.75 1.56 1.46 1.59 0.04 
 

x 3      1.62 1.54 1.62   1.69a 1.60ab 1.45b   
 

CumFC4 1.37 1.27 1.35 1.33 0.06 1.42 1.36 1.40 1.39 0.06 1.37 1.29 1.29 1.32 0.06 
 

x 3      1.39 1.32 1.38   1.37  1.28 1.32  
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Table 3.  Effect of Immustim® on intestinal bacterial populations (Log10 CFU/mL) in broiler 
chickens. 
 

 
 

 
1 Native: control birds; populations indicate total mesophilic bacteria. 
2 Birds were challenged with Salmonella Typhimurium (S) or Campylobacter jejuni (C) at 3 and 
14 days, respectively. 
3 Dietary treatments: 0, 20 or 40 grams/ton. 
4 NT: not tested. 
a,b Means with different superscripts within a row within a challenge group are significantly 
different (P ≤ 0.05, n = 4). 

 Native1 Salmonella2 Campylobacter2

  Sample Day 03 203 403 SEM 03 203 403 SEM 03 203 403 SEM
 
  Day 7 8.37 8.49 8.48 0.1 7.12 6.82 7.05 0.9 

 
NT4

 
NT 

 
NT  

 
  Day 14 8.39a 8.15a 7.81b 0.1 6.22 4.40 5.04 0.9 

 
NT 

 
NT 

 
NT  

 
  Day 17 8.05 

 
7.68 

 
8.06 0.8 

 
NT 

 
NT 

 
NT  6.62 6.66 6.97 0.7 

 
  Day 21 8.51 8.76 8.56 0.3 4.30 7.71 6.25 2.2 6.23 7.13 6.52 0.2 



Table 4.  Effect of Protimax® on body weight (grams) of broiler chickens. 
 

 Non-challenged S-challenged1 C-challenged1

 -Con2 + Con2 Prot2 x  SEM - Con2 + Con2 Prot2 x  SEM - Con2 + Con2 Prot2 x  SEM 
 

Placement 35.8 34.9 36.4 35.7 0.4 35.6 35.9 36.8 36.1 0.4 36.5 36.9 36.5 36.6 0.3 
 

x 3      35.7 35.3 36.3   36.2 35.9 36.4   
 
 

Week 1 162.2 155.0 163.5 160.2 2.4 162.8 156.6 160.4 159.9 2.2 159.3 151.8 155.7 155.6 2.4 
 

x 3      162.5 155.8 161.9   160.7 153.4 159.6   
 
 

Week 2 440.6 413.8 422.3 425.6 5.5 415.2 401.4 423.8 413.4 6.7 426.2 399.0 420.6 415.2 5.5 
 

x 3      427.9 407.6 423.0   433.4 a 406.4 b 421.4 ab   
 
 

Week 3 785.4 764.6 749.9 766.6 5.4 793.4 783.2 815.9 797.5 7.6 804.7 768.8 770.1 781.2 5.4 
 

x 3      776.3 773.9 782.9  
 

 
 
1 Birds were challenged with Salmonella Typhimurium (S) or Campylobacter jejuni (C) at 7 and 14 days, respectively. 
2 Dietary treatments:  Negative Control: no egg product, equal ME, fat and protein; Positive Control: spray-dried egg product without 
IgG; Protimax®: spray-dried egg product with IgG. 
3 Main effect means for Protimax® which include data for the non-challenged birds. 
a,b Means with different superscripts within a row and within a challenge group are significantly different (P ≤ 0.05, n = 4). 

 795.1 a 766.7 b 760.0 b   
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Table 5.  Effect of Protimax® on feed per gain ratio of broiler chickens. 
 

 
 
1 Birds were challenged with Salmonella Typhimurium (S) or Campylobacter jejuni (C) at 7 and 14 days, respectively. 
2 Dietary treatments:  Negative Control: no egg product, equal ME, fat and protein; Positive Control: spray-dried egg product without 
IgG; Protimax®: spray-dried egg product with IgG. 
3 Main effect means for Protimax® which include data for the non-challenged birds. 
4 CumFC:  Cumulative feed conversion (from 1 to 28 days) 
a,b Means with different superscripts within a row and within a challenge group are significantly different (P ≤ 0.05, n = 4). 
A,B Means with different superscripts within a row are significantly different (P ≤ 0.05, n = 4) 

 Non-challenged S-challenged1 C-challenged1

 - Con2 + Con2 Protimax2 x  SEM - Con2 + Con2 Protimax2 x  SEM - Con2 + Con2 Protimax2 x  SEM 
 
 

Week 1 0.43 0.32 0.46 0.40 0.01 0.46 0.31 0.48 0.42 0.01 0.41 0.28 0.47 0.39 0.01 
 

x 3      0.44 a 0.30 b 0.47 a   0.42 b 0.30 c 0.47 a   
 
 

Week 2 1.03 1.20 1.08 1.11 0.02 1.10 1.21 1.05 1.12 0.02 0.96 1.29 1.08 1.11 0.02 
 

x 3      1.07 b 1.21 a 1.07 b   1.00 c 1.25 a 1.08 b   
 
 

Week 3 1.96 1.81 1.97 1.91 0.03 1.76 1.69 1.65 1.70 0.03 1.76 1.75 1.84 1.78 0.03 
 

x 3      1.86 1.75 1.81   1.86 1.78 1.90   
 
 

CumFC4 1.27B 1.28AB 1.31A 1.29 0.01 1.27B 1.25 B 1.20C 1.24 0.01 1.21 1.31 1.28 1.27 0.01 
 

x 3      1.27 1.27 1.25    1.29a1.30a 1.24b

 



Table 6.  Effect of Protimax® on intestinal bacterial populations (Log10 CFU/mL) in broiler 
chickens. 
 

 Native1 Salmonella2 Campylobacter2

Sample 
Day 

- 
Con3

+ 
Con3 IgG3

  
SEM 

- 
Con3

+ 
Con3 IgG3

  
SEM 

- 
Con3

+ 
Con3 IgG3

  
SEM 

 
Day 7 9.45a 9.09b 9.49a 0.1 NT4 NT NT  NT NT NT  
 
Day 14 8.37 8.79 8.25 0.2 8.58 8.40 8.05 0.4 NT NT NT  
 
Day 21 8.05 7.59 7.60 0.2 8.24ab 7.89b 8.51a 0.2 8.58 7.95 7.96 0.3 
 
Day 28 8.33b 8.22b 8.67a 0.2 9.90a 8.46b 8.73b 7.89c 9.19a 8.75b0.2 0.2 
 

 
 
1 Native: control birds; populations indicate total mesophilic bacteria. 
2 Birds were challenged with Salmonella Typhimurium (S) or Campylobacter jejuni (C) at 7 and 
14 days, respectively. 
3 Dietary treatments: - Control: no egg product, same ME, fat and protein; + Control: spray-dried 
egg product, no IgG; IgG: Protimax®. 
4 NT: not tested. 
a,b Means with different superscripts within a row within a challenge group are significantly 
different (P ≤ 0.05, n = 4). 
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