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I. 
Abstract


Dietary cereals vary in carbohydrate composition, and therefore in the amounts and types of substrates available to support microbial growth in the lower part of the digestive tract. As a result, microbial populations, susceptibility to enteric infection and growth performance may be affected by choice of dietary cereal. We compared disease resistance and growth performance in weanling pigs fed diets based on corn, barley, rolled oats or barley. We first used 32 pigs, 2 pigs per disease containment chamber and 4 chambers per treatment, to test a range of doses of a pathogenic E. coli, to determine the appropriate dose for use in subsequent experiments. Second, we prepared to conduct a disease challenge experiment with 12 pigs fed the four cereals, but the pigs became sick with E. coli before we could administer the challenge. Data collected on these pigs during the spontaneous outbreak showed that pigs fed the corn-based diet had higher (P<0.001) diarrhea scores than did the pigs fed the other three cereals. Our third experiment was a true E. coli challenge experiment in a factorial arrangement of 4 cereals and 2 challenge treatments (challenged or not), and each of the 8 treatments applied to 2 chambers holding 3 pigs each. Results show lower (P<0.05) diarrhea scores on the rice diet than on the rolled oats diet. Finally, we conducted a growth experiment on a commercial farm with a total of 1,008 pigs, 12 pens of 21 pigs (20 days of age) in each treatment. Pigs fed rice grew faster (P<0.05) than those fed either rolled oats or barley, while total removals of pigs (including mortality) were lower (P<0.05) for the rice and barley diets than for the rolled oats diet. In summary, diarrhea score was higher (P<0.001) among pigs fed the corn diet in one of two intensive experiments. There were nonsignificant trends in the same direction, as compared to rice, in the other intensive experiment and a nonsignificant trend in the growth experiment to more pig removals among pigs fed the corn diet than among those fed rice or barley, so results of all 3 experiments combine to support the suggestion that replacement of corn by a different cereal may improve the health of young pigs. These results are not sufficient basis for recommending that producers use rice or barley instead of corn in early nursery diets, but they confirm that the issue is an important one that deserves further study.
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II.
Introduction

Microbes, mostly bacteria, dominate the environment in the lower part of the digestive tract of pigs. Their total number is enormous, as the number of microbial cells in the digestive tract exceeds the number of pig cells in the body (Gaskins, 2001). These microbes digest fiber that the pig’s digestive enzymes cannot digest, providing energy to the pig. However, they present a constant challenge to the intestinal immune system, causing inflammation and a resulting increase in weight of the intestine. Both the inflammation and the increased weight of this metabolically very active organ cost the animal considerable energy and amino acids. Gaskins (2001) suggested that the relationship between the pig and its intestinal microbes is not so much synergism, as usually believed, but is better defined as détente, constant competitive tension.


 Bacteria have various means for competing against each other. They compete for nutrients and for binding sites on the intestine, and they produce antibiotics and bacteriocins that specifically inhibit the growth of other bacteria. Therefore, a large population of commensal bacteria in the digestive tract may protect against the proliferation of enteric pathogens.


Many of the feed ingredients/additives now available for use as “alternatives to antibiotics” are purported to act by altering microbial populations in the digestive tract. For example, direct-fed microbials (probiotics) are thought to seed large populations in the intestines of the microbe fed, and thus compete against undesirable bacteria. Prebiotics such as fructo-oligosaccharides are preferred substrates for certain bacteria, supporting their proliferation to populations effective for competing against undesirable bacteria. Mannan oligosaccharides are thought to bind to certain bacteria, preventing them from attaching to the intestinal wall and proliferating. Spray-dried plasma, dried whey, and immune egg proteins contain immunoglobulins that may attack certain bacteria; and they may have other physiological effects as well. Antimicrobials themselves alter microbial populations in the digestive tract (Collier et al., 2003). However, the supply of substrates in the lower intestine is the most important factor affecting microbial activity (Pluske et al., 2001), and that draws attention to the major dietary ingredients.


The ingredient used in greatest quantity in most pig diets is a cereal grain, with corn being most common in the U.S. and other cereals more common in some other parts of the world. Different cereals have very different carbohydrate compositions (Lásztity, 1999). Starch, the dominant carbohydrate in corn, is almost completely digested in the small intestine so very little of it survives to support microbial growth in the lower part of the tract. Starch is the carbohydrate in greatest abundance in all cereal grains, but some cereals contain important quantities of non-starch polysaccharides. The beta-glucans of barley and oats and the pentosans in wheat survive to the lower part of the digestive tract and provide nourishment to support bacterial proliferation there. White rice contains even less fiber (indigestible carbohydrate) than does corn.


Two competing approaches now dominate the consideration of the effects of dietary cereals on enteric health of pigs. One suggests that enteric diseases are best prevented by depriving the pathogens of energy substrates in the lower tract by feeding low-fiber diets; the other holds that the better approach is to promote vigorous microbial growth in the lower intestine by feeding a high-fiber diet, thus restricting pathogen growth by competition.


Research at Murdoch University in Western Australia during recent decades has shown the impact dietary fiber can have on enteric diseases, first swine dysentery and more recently diarrhea caused by E. coli (Pluske et al., 2001). They found that a highly digestible, low-fiber diet made of cooked white rice and animal proteins (essentially no fiber) provided strong protection against both diseases. Introduction of soluble non-starch polysaccharides, as in other cereals, reduced growth performance and increased susceptibility to enteric disease. 

The proposed performance advantages of dietary rice are supported by recent research from Spain (Lopez et al., 2003). In addition to its very low fiber content, rice appears to contain components that specifically inhibit secretion into the intestine, thus reducing the severity of diarrhea (Pluske et al., 2001).


Researchers in Denmark have recently suggested, to the contrary, that feeding barley to weanling pigs improves their health by providing substrates for vigorous growth of commensal bacteria in the intestine (Maribo, 2003; N. Kjeldsen, personal communication). Reports from the U.S. pig production industry suggest that fibrous materials are often included in diets of pigs of various ages for perceived protection against enteric diseases.


In the U.S., corn is often the preferred cereal in nursery pig diets, perhaps because of its freedom from antinutritional factors, its relative uniformity, its high energy level, and the general comfort of U.S. nutritionists with corn. However, there appears to be relatively little empirical support for an advantage of corn over all other cereals for nursery pigs. In fact, it appears that many nursery feeding programs in the U.S. contain significant amounts of oat groats in addition to corn, although this practice is inadequately supported by published data.
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III.
Objectives

To determine the impacts of dietary cereal grains on the microbial populations in the digestive tract, resistance to enteric disease, and growth performance of nursery pigs.

IV.
Materials & Methods

This project has two major components:

1. Intensive research to measure the effects of different dietary cereals on resistance to an E. coli challenge;

2. A trial in a commercial farm to measure the effects of the cereals on growth performance.

Intensive Experiment 1

We have a strain of K88 E. coli derived from a field outbreak of postweaning diarrhea. This preliminary experiment was conducted to determine an appropriate dose of this strain, to ensure appropriate clinical signs are obtained in the subsequent experiments. 


This experiment was conducted in the Disease Containment Chambers in the Edward R. Madigan Laboratory at the University of Illinois. There are a total of 16 chambers for large animals, in two sets of 8 chambers that share a connecting hallway. We followed the standard protocols of the facility to guard against pathogen transfer from chamber to chamber.


A total of 32 pigs (8 groups of 4 littermates) were obtained at weaning at 19-21 days of age from the University of Illinois Swine Research Center, and were allotted to the 16 chambers, 2 pigs per chamber, and fed a standard weaning diet. Three days after weaning, each pig was inoculated orally with doses targeted to 0, 107, 108, or 109 organisms of the challenge E. coli strain, with pigs assigned to treatment by litter. The actual doses determined after dosing were 0, 5 x 106, 5 x 107  and 5 x 108 organisms. The two lower doses were each applied to 4 chambers in one set of chambers, the two higher doses in the other set. The experiment was terminated 7 days after challenge.


The pigs were weighed at placement in the facility, on the day of challenge, and on day 7 postweaning; and feed intake was measured between the day of challenge and the end of the experiment. Rectal temperatures, diarrhea scores (0=normal to 3=watery), and other clinical signs were recorded daily from challenge until the end of the experiment. 

Intensive Experiment 2


This experiment was designed to be similar in most procedures to Intensive Experiment 1, but unexpected events caused some changes. The planned differences from Intensive Experiment 1 were:

1. There were 3 pigs per chamber, for a total of 6 pigs per treatment, 48 pigs overall. 

2. All pigs in one set of chambers were to receive the same dose (109) of the challenge organism; those in the other set no challenge.

3. Four different diets were fed, with two chambers in each set receiving each diet. 

The four diets were typical of those fed to newly weaned pigs in North America, except for the cereal component, as follows


Treatment 1: Corn


Treatment 2: Barley


Treatment 3: White rice


Treatment 4: Oat groats

The same four diets were fed throughout the short experiment.


The first unplanned disruption occurred after a false positive test for pseudorabies at our Swine Research Center resulted in a quarantine of that herd, so we were unable to use the pigs we planned to use. We obtained pigs at weaning from United Feeds in Indiana. However, before they reached the scheduled day for the challenge, they began scouring. We treated them with gentamycin in the drinking water for one day. We collected diarrhea scores on them daily until we terminated the study after 5 days so we could begin Intensive Experiment 3. We measured rectal temperatures when the pigs arrived at the research facility and at the end of the experiment.

Intensive Experiment 3


This is the experiment originally proposed as the main intensive experiment. It was begun after the end of Intensive Experiment 2, using 48 pigs from our Swine Research Center, now released from quarantine. The diets and E. coli dosing regimen are as described above. The pigs were placed on their respective diets at weaning. Two days later they were transferred to the Disease Containment Chambers and challenged with E. coli. The experiment lasted 9 days after challenge.

Growth experiment


An experiment was conducted on a commercial farm to test whether corn, barley, rolled oats or rice as the main energy source in the diet for newly weaned pigs affects growth performance. 

The designated cereal grain was the only cereal used for each experimental treatment throughout the nursery phase. We used a 4-stage feeding program with decreasing diet complexity: 1, 1, 2 and 2 weeks per phase for a total of 6 weeks. Calculated metabolizable energy density was 3.5 Mcal/kg for all diets; standardized digestible ileal lysine concentrations were per phase: 1.45%, 1.45%, 1.30% and 1.15%. Concentrations of other digestible amino acids met or exceeded target ratios to lysine. Amounts of soy oil and soybean meal were varied to meet the energy and lysine targets. Diets for phases 1 and 2 were in mini-pellet form; those for phases 3 and 4 were in meal form. The rice diets were low in oil and difficult to pellet, and may have been heat-damaged.

The nursery holds about 2,000 pigs in 8 rooms with 12 pens/room; we used 4 of the rooms (48 pens) that had been adapted for research by addition of single-pen feeders and extra feed bins. Pens were blocked by weight and room (3 weight categories in each of 4 rooms). Each pen held 21 pigs that were on average 20 days old at the start of the experiment. There were a total of 12 pens per treatment and 1,008 total pigs on the experiment. Barrows and gilts were mixed in the pens, with equal gender distribution within each block. 

Changes in the Project


We designed this project in collaboration with partners at QAF Meats, Inc. in Australia and SCA Feeds in the United Kingdom. David Henman of QAF Meats and Dr. Mike Varley of SCA Feeds, both prominent swine nutritionists, encouraged us to develop the proposal and committed to contribute to it. Each of them committed to conducting a feeding trial in their facilities, parallel to the growth experiment described above. In addition, QAF Meats committed to sending a staff member to our campus for 6 months to conduct the intensive experiments.


QAF sent Jodie Buckingham to work with us for 2 ½ months, and she conducted the intensive experiments described above. The commitment to send a second person for the remainder of the time to conduct studies on the impact of these cereals on microbial populations in the digestive tract has remained unfulfilled. We have now made separate arrangements to accomplish these studies, and they are underway.


Neither of the collaborating companies has conducted the feeding trials promised, in spite of our encouragement to do so. We will continue to pressure them to do so.


We are deeply disappointed that our collaborators have failed to honor their commitments. We will continue to pressure them to do so and will continue to generate data in our laboratory, and will provide the results to NPB in a subsequent report.

V. 
Results

Intensive Experiment 1


All of the pigs given E. coli became mildly ill (Table 1), with some indication that the higher doses caused more severe clinical signs. We conclude from these data that our original target of 109 organisms is an appropriate dose for use in subsequent experiments.

Table 1. Clinical measures of pigs challenged with varying doses of E. coli in Intensive Experiment 1.

	Dose
	Rectal temp., Ca
	Diarrhea scoreb
	Average daily gain, g

	0
	39.47     
	0.26      
	152

	5 x 106
	39.61     
	0.31     
	152

	5 x 107
	39.64     
	0.47      
	156

	5 x 108
	39.61     
	0.80      
	132


aControl vs. others, P<0.002.

bControl vs. others, P<0.03; linear effect of E. coli dose, P=0.001.

Intensive Experiment 2



Two pigs affected by the spontaneous outbreak of diarrhea were submitted to the University of Illinois Veterinary Diagnostic Laboratory; results show E. coli and possible involvement of rotavirus.


Pigs fed the corn diet showed higher diarrhea scores than did pigs fed the other three cereals (Table 2) in response to the spontaneous disease outbreak in this experiment. There were no treatment effects on rectal temperature.

Table 2. Clinical measures of pigs with spontaneous diarrhea fed four different cereals in Intensive Experiment 2.

	Dose
	Rectal temp., C
Initiala
	Rectal temp., C

Finala
	Diarrhea scoreb
	Average daily gain, g

	Corn
	39.62     
	39.50     
	1.79x     
	144

	Rice
	39.64    
	39.47
	0.90y      
	126

	Barley
	39.79     
	39.58
	0.68y     
	123

	Rolled oats
	39.66    
	39.48
	1.18y      
	127


aDifference between Initial and Final measurements, P=0.0003.

bTreatment effect, P=0.001.

x,yValues without a common superscript differ, P<0.05.

Intensive Experiment 3


In this experiment there were few significant differences among diets and no diet by challenge interactions (Table 3). 


The mild E. coli challenge did not change the mean rectal temperature but changed the pattern over time (challenge x time interaction, P<0.002). Unchallenged pigs fed all diets had the highest rectal temperature 6 days after sham challenge, a pattern shown also by the challenged pigs fed rice. Challenged pigs fed the other cereals had the highest temperatures 1 – 2 days after challenge (diet x time interaction, P=0.001). 


The E. coli challenge increased diarrhea score (P < 0.01), with the largest effects occurring during the first 3 days after challenge. Both challenged and unchallenged pigs had the highest diarrhea scores at 7 days after challenge (or sham challenge), and at similar scores. Pigs fed the rice diets had numerically the lowest diarrhea scores throughout the first 5 days after challenge. Pigs fed all cereals had peak diarrhea scores on days 6 or 7 after challenge.

Table 3. Clinical measures of pigs fed four different cereals and challenged with E. coli in Intensive Experiment 3.

	Feed
	Rectal temperature, °C
	
	Diarrhea score

	
	Control 
	Challenge
	Overall
	
	Control
	Challenge
	Overall

	Corn
	39.71d
	39.77
	39.74
	
	1.07
	1.52cd
	1.30

	Rice
	39.70cd
	39.68
	39.69
	
	0.76
	0.98c
	0.87

	Barley
	39.62cd
	39.62
	39.63
	
	0.92
	1.52cd
	1.22

	Rolled oats
	39.55c
	39.77
	39.66
	
	0.91
	1.63d
	1.27


cd Values in a column without a common superscript differ, P < 0.05 

Growth experiment


During the first week the pigs fed corn or rolled oats ate more and grew faster than those fed barley or rice (Table 4). Over the 6-week period, pigs fed rice grew fastest and those fed barley grew slowest. The percentage of pigs removed, including those that died, was lowest among pigs fed either barley or rice.

Table 4. Growth performance of pigs fed four different cereals in the Growth Experiment.

	
	Corn
	Barley
	Rolled oats
	Rice
	SEM

	ADG, wk 1, g
	124.7 a
	102.1 b
	116.5 a
	98.2 b
	5.0

	ADFI, wk 1, g
	145.5 a
	126.7 b
	139.4 a
	120.2 b
	4.1

	ADG, overall, g
	330.5 ab
	307.0 c
	322.7 b
	336.7 a
	4.6

	ADFI, overall, g
	495.2 a
	462.0 b
	488.6 a
	503.6 a
	7.9

	Pig removals, %
	7.1 ab
	3.6 b
	8.3 a
	3.6 b
	1.5


abc Means within a row without a common superscript differ (P < 0.05)

VI. 
Discussion


Diarrhea score was higher (P<0.001) among pigs fed the corn diet in one of two intensive experiments. There were nonsignificant trends in the same direction, as compared to rice, in the other intensive experiment and a nonsignificant trend in the growth experiment to more pig removals among pigs fed the corn diet than among those fed rice or barley, so results of all 3 experiments combine to support the suggestion that replacement of corn by a different cereal may improve the health of young pigs. This observation certainly requires further verification.


Both the E. coli challenge in Intensive Experiment 3 and the spontaneous outbreak in Intensive Experiment 2 provided only mild clinical signs of disease. We can only speculate about the response to different dietary cereals in the face of a more acute disease.


Comparison of major feed ingredients that vary in energy density is a significant challenge in any situation, and especially in young pigs at weaning with their immature digestive systems. It is important to equalize dietary energy density across treatments, usually by varying the amount of supplemental fat. However, fat digestibility increases dramatically during the first few weeks after weaning, so there is not an energy value for a fat source that remains constant throughout the experiment. Therefore, energy equalization is approximate at best.


The effort to equalize energy density by varying the amount of soy oil used in our growth experiment caused another problem. Sophisticated early nursery diets containing high levels of milk products are very difficult to pellet, especially in small pellets, because they are sticky and difficult to get through the pellet die. The heat that results from the friction in the die may damage proteins and limit their digestibility and/or bioavailability. For that reason, many nutritionists use supplemental fat in those diets in order to lubricate the pellet die and avoid protein damage. Our barley diets required much higher levels of supplemental soy oil than did the rice diets to reach the same calculated energy density, and that forced a compromise. We accepted high oil levels in the barley diets that risked production of soft pellets, and low oil levels in the rice diets that risked heat damage. Observations during the pelleting process indicated that the rice diets were very difficult to pellet and very hot leaving the pellet die. We suspect that the first two rice diets (Phases 1 & 2) may have been heat-damaged, and that may explain the relatively poor growth performance of that treatment during the early weeks. The diets for Phases 3 & 4 were not pelleted, so this consideration does not apply to the later weeks of the experiment.


Growth performance during the later weeks is quite sensitive to success in balancing usable energy and amino acid levels in the diets. The relatively poor growth performance on the barley diet may reflect the fact that barley has the lowest energy density of the cereals studied, suggesting that we may have overestimated the energy value of soy oil. The possibility that our assumed values for digestibility of amino acids are inappropriate for either these young pigs or for the lots of cereals used also deserves consideration.


The suggestion that replacement of corn by another cereal improves health, as supported by our experiments, deserves further study before firm recommendations are justified. There remain important questions about partial, rather than total, replacement of corn by another cereal, and about the appropriate duration of feeding the other cereals.

VII. 
Lay Interpretation

As increasingly severe restrictions on the use of antimicrobials in pig production loom, it is imperative that the industry find alternate ways to enhance pig performance and health. These ways will include many aspects of health management - such as all-in/all-out pig flow, biosecurity, sanitation, and vaccines – but dietary factors also deserve consideration. Several feed additives may be useful for that purpose, but major dietary components may exert the dominant effects. A cereal grain is the largest component of most pig diets, so the effects of various cereals deserve special consideration. Different cereals have different carbohydrate compositions, so it is likely that they may result in different bacterial populations in the digestive tract. There are competing concepts of how dietary cereals may influence resistance to enteric disease, but we have surprisingly little information upon which to base decisions on so important a factor. Economics will dictate that corn remain the dominant cereal in most pig diets in the U.S., but other cereals could realistically be used in the small amounts of feed consumed by pigs during the period immediately after weaning, if that is determined to be beneficial.


Our results are not sufficient basis for recommending that producers use rice or barley instead of corn in early nursery diets, but they confirm that the issue is an important one that deserves further study. We found suggestions in three experiments, two intensive experiments in disease-containment chambers and a feeding trial on a commercial farm, that changing from corn to another cereal may improve health of newly weaned pigs. We need further studies to confirm or refute these suggestions and, if the suggested advantage proves real, to refine diet formulations and duration of feeding alternate cereals to optimize the benefit:cost relationship.
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