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ABSTRACT: Anaerobically fermented yeast products 
are a rich source of nutritional metabolites, mannano-
ligosaccharides, and β-glucans that may optimize gut 
health and immunity, which can translate into better 
growth performance and a reduced risk of foodborne 
pathogens. The objective of this study was to quantify 
the effects of Saccharomyces cerevisiae fermentation 
product (Diamond V Original XPC) inclusion in nurs-
ery diets on pig performance and gastrointestinal micro-
bial ecology before, during, and after an oral challenge 
with Salmonella. Pigs (n = 40) were weaned at 21 d of 
age, blocked by BW, and assigned in a 2 × 2 factorial 
arrangement consisting of diet (control or 0.2% XPC) 
and inoculation (sterile broth or Salmonella). Pigs were 
fed a 3-phase nursery diet (0 to 7 d, 7 to 21 d, and 21 
to 35 d) with ad libitum access to water and feed. On 
d 14, pigs were orally inoculated with 109 cfu of Salmo-
nella enterica serovar Typhimurium DT104 or sterile 
broth. During d 17 to 20, all pigs were treated with a 5 
mg/kg of BW intramuscular injection of ceftiofur-HCl. 
Growth performance and alterations in the gastrointes-
tinal microbial ecology were measured during preinocu-
lation (PRE; 0 to 14 d), sick (SCK; 14 to 21 d), and 
postinoculation (POST; 21 to 35 d). Body weight and 
ADG were measured weekly. Rectal temperature (RT) 

was measured weekly during PRE and POST, and ev-
ery 12 h during SCK. Diet had no effect on BW, ADG, 
or RT during any period (P = 0.12 to 0.95). Inclusion 
of XPC tended (P < 0.10) to increase Salmonella shed-
ding in feces during SCK. Consumption of XPC altered 
the composition of the gastrointestinal microbial com-
munity, resulting in increased (P < 0.05) populations 
of Bacteroidetes and Lactobacillus after Salmonella in-
fection. Pigs inoculated with Salmonella had decreased 
ADG and BW, and increased RT during SCK (P < 
0.001). Furthermore, fecal Salmonella cfu (log10) was 
modestly correlated (P = 0.002) with BW (r = −0.22), 
ADFI (r = −0.27), ADG (r = −0.36), G:F (r = −0.18), 
and RT (r = 0.52) during SCK. After antibiotic ad-
ministration, all Salmonella-infected pigs stopped shed-
ding. During POST, an interaction between diet and 
inoculation (P = 0.009) on ADG indicated that pigs 
infected with Salmonella grew better when eating XPC 
than the control diet. The addition of XPC to the diets 
of weanling pigs resulted in greater compensatory BW 
gains after infection with Salmonella than in pigs fed 
conventional nursery diets. This increase in BW gain is 
likely associated with an increase in beneficial bacteria 
within the gastrointestinal tract.
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INTRODUCTION

Anaerobically fermented yeast products may offer an 
alternative to antibiotic growth promoters (AGP) in 
food animal production. A commercial yeast culture 
[Original XPC (XPC); Diamond V, Cedar Rapids, IA] 
is a rich source of nutritional metabolites, mannanoli-
gosaccharides, and β-glucans, and other yeast fermen-
tation metabolites. These compounds may prevent the 
interaction between pathogenic bacteria and intestinal 
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cells, as well as strengthen the immune system (Gao 
et al., 2008; Shen et al., 2009). A current working hy-
pothesis states that a healthier gut in conjunction with 
a robust immune system should translate into better 
growth performance of pigs. Currently, this is a key 
component for the swine industry because the use of 
AGP has been banned in the European Union. Ad-
ditionally, several international and domestic markets 
are starting to demand animal-derived products from 
antibiotic-free animals.

With the increasing demand for safer products of an-
imal origin, consumers are not only demanding AGP-
free eggs, dairy, and meat products but also a reduced 
prevalence of foodborne pathogens. The improved 
growth performance in response to AGP was linked to 
the presence of environmental pathogens more than 40 
yr ago (Coates et al., 1963). Thus, with the anticipated 
ban of AGP, many are concerned that the pathogenic 
load of farm animals can drastically increase. This sce-
nario can lead to consumer apprehension toward animal 
products. Therefore, the quest for alternatives to the 
use of AGP in the animal industry is not only to pre-
vent a potential reduction in growth performance but 
also to avert a possible increase in foodborne pathogens 
in eggs, dairy, and meat products. The objective of this 
study was to evaluate the effects of XPC inclusion in 
nursery diets on pig performance and gastrointestinal 
tract (GIT) microbial ecology associated with an oral 
challenge with Salmonella.

MATERIALS AND METHODS

All procedures were approved by the Virginia Tech 
Institutional Animal Care and Use Committee and Bio-
safety Committee and conducted in a Biosafety Level 
(BSL)-2 facility. In addition, all analytical procedures 
and bacterial analyses were conducted in BSL-2 labo-
ratories.

Bacterial Strains and Culture

Feed ingredients, mixed diets, and initial fecal samples 
were enriched in gram-negative Hajna broth at 37°C for 
24 h (BD Bioscience, Franklin Lakes, NJ) before plat-
ing onto Brilliant Green Agar (BGA, BD Bioscience) 
plates for qualitative determination of Salmonella spp. 
Salmonella enterica subspecies enterica serovar Typh-
imurium DT104 was obtained from the American Type 
Culture Collection (ATCC; BAA-185, Manassas, VA). 
This strain was isolated from a pig in Denmark and was 
resuscitated in 10 mL of trypticase soy broth (TSB) at 
37°C for 24 h and plated onto tryptic soy agar (TSA). 
A single colony was rendered resistant to the antibiotics 
nalidixic acid (Nal, Acros Organics, Morris Plains, NJ) 
and novobiocin (Nov, BD Bioscience) through sequen-
tial transfer onto TSA plates of increasing concentra-
tions until achieving a final resistance to 20 and 25 μg/
mL, respectively (i.e., S. Typhimurium NalRNovR). The 
choice of a Nal- and Nov-resistant strain was to greatly 
reduce the possibility of detecting Salmonella that were 

not introduced in this experiment. The final strain was 
tested for susceptibility to 5 mg/kg of ceftiofur-HCl 
(Pfizer Animal Health, New York, NY) to ensure anti-
biotic efficacy of pig treatments. Salmonella Typhimu-
rium NalRNovR was cultured overnight at 37°C in TSB 
medium on an orbital shaker (New Brunswick Scien-
tific, Edison, NJ) at 150 rpm and bacterial populations 
were estimated by spectrophotometry at 600 nm. For 
inocula preparation, S. Typhimurium NalRNovR were 
harvested at 7,500 × g for 10 min at 4°C and resus-
pended in sterile TSB.

The following cultures were used as positive controls 
to generate standard curves to determine select phy-
la and genera within the pig feces using quantitative 
real-time PCR. Lactobacillus acidophilus NCFM strain 
(ATCC 700396) was grown anaerobically in TSB at 
37°C. Bacteroides thetaiotaomicron (ATCC 29741) was 
grown anaerobically in prereduced anaerobically steril-
ized cooked meat broth (BD Biosciences) at 37°C. Fla-
vobacterium spp. was grown aerobically using R2A agar 
(BD Biosciences) at 25°C.

Animals, Housing, Diets,  
and Experimental Protocol

Pigs (Premium Genetics 1020, Smithfield, Waverly, 
VA) obtained from a commercial swine farm (Waverly, 
VA) were weaned at 21 d of age (7.02 ± 0.27 kg) and 
used to assess the effect of Saccharomyces cerevisiae 
fermentation product (XPC, Diamond V) inclusion in 
nursery diets on pig growth performance before, dur-
ing, and after an oral challenge with S. Typhimurium 
NalRNovR. Twenty pigs in each of 2 trials were used, 
for a total of 40 pigs (10 pigs per treatment). Pigs were 
blocked by BW and randomly assigned to treatments 
within block. Treatments were arranged in a 2 × 2 
factorial arrangement of treatments consisting of diet 
(control or 0.2% XPC) and inoculation (sterile broth 
or Salmonella). Individual rectal swabs were collected 
at arrival to the BSL-2 facility to initially screen for 
the presence of Salmonella. All samples were incubated 
at 37°C for 24 h in gram-negative Hajna broth for en-
richment, followed by plating onto BGA to screen for 
Salmonella-indicative colonies. All pigs were initially 
negative for Salmonella presence in feces.

Pigs were housed in individual pens and segregated 
in 2 identical rooms according to their assigned inocula 
(sterile broth or Salmonella) to minimize the potential 
for cross-contamination. Inocula conditions were tested 
in both rooms during the 2 trials of the study. Rooms 
were discretely ventilated with 100% clean air (i.e., no 
recirculation) and were under negative pressure at all 
times, and automated systems controlled the tempera-
ture and lighting (18 h light:6 h dark with lights on at 
0600 h) of each individual room. Each pen contained a 
plastic-coated expanded metal floor, a nipple waterer, 
and a self-feeder. Dietary treatments were imposed im-
mediately upon arrival, and pigs had ad libitum access 
to water and feed unless otherwise indicated. Pigs were 
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fed a 3-phase nursery diet (Table 1; phase 1, 0 to 7 d; 
phase 2, 7 to 21 d; phase 3, 21 to 35 d postweaning). 
Pigs were fed control or XPC diets for 2 wk before oral 
inoculation with S. Typhimurium NalRNovR and con-
tinued on their respective diets after inoculation until 
35 d postweaning.

A corn-soybean meal basal diet was formulated to 
meet or exceed NRC (1998) recommendations for nutri-
ents and contained no antibiotics. From the basal diet, 
the experimental diet was produced by displacing 0.2% 
of the corn with XPC. Before feeding, all feed ingredi-
ents and mixed diets were screened for the presence of 
Salmonella and were negative.

The experimental protocol was designed to simulate 
an enteric disease outbreak and treatment in a nursery 
facility after weaning. Thus, pigs were weaned, inocu-
lated, allowed to develop clinical signs of disease, treat-
ed with antibiotics, and allowed to recover. The experi-
ment consisted of 3 periods: preinoculation (PRE; 0 
to 14 d), sick (SCK; 14 to 21 d), and postinoculation 
(POST; 21 to 35 d). Pigs and feeders were weighed 
every 7 d to determine ADG, ADFI, and G:F. Rectal 
temperatures (RT) were measured weekly during PRE 
and POST, and every 12 h during SCK. On d 14, con-

Table 1. Composition of basal diet, as-fed basis 

Item Phase 1 Phase 2 Phase 3

Ingredient, %      
  Ground corn1 39.73 58.00 64.41
  Soybean meal, 47.5% CP 20.00 28.25 30.40
  Soy protein concentrate2 4.00 — —
  Fish meal 8.00 4.60 —
  Dried whey 25.00 5.00 —
  Soy oil 2.00 1.80 2.00
  Limestone, ground 0.28 0.60 0.80
  Dicalcium phosphate — 0.70 1.13
  Salt 0.30 0.30 0.30
  Vitamin premix3 0.25 0.25 0.25
  Trace mineral premix4 0.15 0.15 0.15
  l-Lys·HCl 0.20 0.25 0.29
  l-Thr 0.07 0.10 0.20
  dl-Met 0.02 — 0.07
Calculated composition      
  ME, kcal/kg 3,420 3,419 3,422
  CP, % 23.7 22.0 20.2
  Lys, % 1.64 1.47 1.31
  Met, % 0.44 0.38 0.38
  Thr, % 1.05 0.95 0.95
  Trp, % 0.28 0.26 0.24
  Arg, % 1.40 1.38 1.30
  Ca, % 0.82 0.78 0.68
  Available P, % 0.47 0.37 0.28

1XPC (Original XPC; Diamond V, Cedar Rapids, IA) was added at 
the expense of corn.

2Soycomil-P, ADM, Decatur, IL.
3Provided the following per kilogram of diet: vitamin A, 7,335 IU; 

vitamin D3, 1,010 IU; vitamin E, 42 IU; menadione (as menadione 
sodium bisulfite complex), 3.3 mg; riboflavin, 6.4 mg; d-pantothenic 
acid, 21 mg; niacin, 31 mg; vitamin B12, 27.6 μg; d-biotin, 0.3 mg; 
choline, 550 mg; folic acid, 1.4 mg.

4Provided the following per kilogram of diet: Zn, 180 mg as zinc 
sulfate; Fe, 180 mg as iron sulfate; Mn, 55 mg as manganese sulfate; 
Cu, 11 mg as copper sulfate; I, 0.5 mg as calcium iodate; and Se, 0.3 
mg as sodium selenite.
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scious pigs were given orally 5 mL of TSB containing 
109 cfu of S. Typhimurium NalRNovR or 5 mL of sterile 
TSB.

Daily rectal swabs were collected after inoculation (d 
14 to 21) to determine fecal shedding of S. Typhimu-
rium NalRNovR. From d 17, all pigs were treated daily 
with 5 mg/kg of BW intramuscular (i.m.) injection of 
ceftiofur-HCl for 4 d. On d 35, pigs were killed with 
a lethal dose of 120 mg/kg of BW of sodium pento-
barbital (Beuthanasia-D, Schering-Plough, Union, NJ) 
administered intravenously. Carcasses were disposed as 
regulated medical waste in accordance to university, lo-
cal, state, and federal regulations.

Enumeration of S. Typhimurium NalRNovR

Between 0800 and 1000 h, about 10 g of feces was 
collected from each pig daily during d 14 to 21 using a 
sterile fecal loop; contents were placed in a sterile filter 
bag and immediately processed with 90 mL of buffered 
peptone water (BD Biosciences) in a stomacher for 2 
min to create a fecal slurry. The fecal slurry was then se-
rially diluted and plated, in duplicate, onto BGA plates 
containing 20 μg/mL of nalidixic acid and 25 μg/mL of 
novobiocin. The plates were allowed to air dry and then 
incubated at 37°C for 24 h. Plates were then inspected 
for white colonies with red-pink halos, indicative of Sal-
monella. Initial presumptive positive plates were con-
firmed on xylose lysine tergitol 4 agar; the presence of 
black round colonies was indicative of S. Typhimurium 

NalRNovR. The total number of Salmonella colonies on 
each plate was quantified to determine daily shedding 
rates for each pig. Fecal slurries were then stored at 
−20°C until fecal DNA could be extracted.

Figure 1. Effect of infection with Salmonella on rectal temperature. Pigs were inoculated with 5 mL containing 109 cfu of Salmonella Typh-
imurium resistant to the antibiotics nalidixic acid and novobiocin (Salmonella) on d 14 after weaning (d = 1) or received 5 mL of sterile broth 
(Broth). Pigs were treated daily with 5 mg/kg of BW intramuscular injection of ceftiofur-HCl on d 17 to 20. Values are means ± SEM (n = 19 
to 20). *Means differ from broth within day, P < 0.01.

Figure 2. Effect of infection with Salmonella and consumption of 
XPC (Original XPC, Diamond V, Cedar Rapids, IA) on fecal shedding 
of Salmonella. From weaning (d = 1), pigs had ad libitum access to 
a nursery diet with (XPC) or without (control) 0.2% XPC inclusion. 
Pigs were inoculated with 5 mL containing 109 cfu of Salmonella Ty-
phimurium resistant to the antibiotics nalidixic acid and novobiocin 
(Salmonella) on d 14 after weaning or received 5 mL of sterile broth. 
Pigs were treated daily with 5 mg/kg of BW intramuscular injection 
of ceftiofur·HCl on d 17 to 20. Values are means ± SEM (n = 9 to 10). 
*Means differ from control within day, P < 0.05.
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Intestinal Morphology

Upon euthanasia, intestinal samples were collected 
for morphology. A sample from the duodenum, jeju-
num, and ileum (2 to 3 cm in length) was placed in 
15-mL plastic conical tubes containing 10 mL of phos-
phate-buffered formalin (Fisher Scientific, Fairlawn, 
NJ). Tissue sections of duodenum (about 20 cm cau-
dal of gastroduodenal junction), jejunum (about 50% 
of intestinal length), and ileum (about 20 cm cranial 
of ileocecal junction) were sent to a commercial histol-
ogy laboratory (HISTO-Scientific Research Laborato-
ries, Mt. Jackson, VA) for microscope slide preparation 
and staining (Zhao et al., 2007). Three random cuts 
(5 μm each) from each tissue section were mounted 
on microscope slides and stained with Alcian blue and 
Periodic acid-Schiff to identify goblet cells (Dunsford 
et al., 1990). One evaluator per intestinal section was 
used to obtain morphological data. Evaluators random-
ly reviewed slides without knowledge of treatments. For 
each segment sample, 4 different readings per cut in 
each of 3 cuts per microscope slide (i.e., 12 readings per 
tissue section) were collected. The following endpoints 
were measured: villus height (μm), villus width (μm), 
crypt depth (μm), number of goblet cells in the villus 

perimeter, and number of goblet cells in each crypt. 
Villus perimeter (VP) was calculated as follows: VP 
= ht × 2 + w, where ht is villus height and w is villus 
width. A modified cylinder area equation was used to 
calculate villus area (VA) as follows: VA = [π × (w ÷ 
2)2] + (π × w) × ht, where w is width of villus and ht 
is the height of villus. Data from the 3 tissue cuts per 
tissue section were averaged to create a single value for 
each of the described endpoints.

Community Profiling

Product Amplification. Fecal DNA was extract-
ed (UltraClean Fecal DNA kit, Mo Bio Laboratories, 
Carlsbad, CA) per the manufacturer’s instructions. 
The 16S rRNA gene was amplified from the total fe-
cal microflora DNA (50 ng/μL) to generate a 566-bp 
fragment using the primers 341-f (5′-CCT ACG GGA 
GGC AGC AG-3′) and 907r (5′-CCG TCA ATT CMT 
TTG AGT TT-3′). The forward primer was modified 
to add a 40-nucleotide guanine/cytosine clamp at the 5′ 
end (5′-CGC CCG CCG CGC GCG GCG GGC GGG 
GCG GGG GCA CGG GGG G-3′). Each 25-μL reac-
tion contained 1.5 mM of MgCl2, 50 mM of KCl, 0.2 
mM of each dinucleotide, 1% of dimethylsulfoxide, 25 

Table 3. Least squares means for growth performance and rectal temperature of pigs consuming postweaning diets 
without (control) or with (XPC1) Saccharomyces cerevisiae fermentation product and orally gavaged with sterile 
broth or Salmonella2 

Item

Broth Salmonella2

SEM

P-value

Control 0.2% XPC Control 0.2% XPC Inoc.3 Diet Inoc. × diet

Preinoculation4                  
  ADG, kg 0.087 0.104   — — 0.014 — 0.42 —
  ADFI, kg 0.394 0.295   — — 0.037 — 0.060 —
  G:F 0.393 0.589   — — 0.242 — 0.57 —
  BW, kg 7.48 7.60   — — 0.13 — 0.49 —
  Rectal temperature, °C 39.34 39.45   — — 0.05 — 0.15 —
Sick5                  
  ADG, kg 0.478 0.485   0.285 0.272 0.042 0.001 0.95 0.82
  ADFI, kg 0.939 0.826   0.668 0.641 0.045 0.001 0.12 0.34
  G:F 0.554 0.590   0.233 0.529 0.106 0.073 0.12 0.22
  BW, kg 9.79 10.04   8.66 8.94 0.19 0.001 0.16 0.92
  Rectal temperature, °C 39.49 39.60   40.15 40.15 0.04 0.001 0.19 0.20
Postsick6                  
  ADG, kg 0.603 0.476   0.559 0.592 0.030 0.23 0.12 0.009
  ADFI, kg 1.078 1.108   0.879 0.938 0.047 0.001 0.34 0.76
  G:F 0.599 0.466   0.715 0.734 0.058 0.001 0.33 0.19
  BW, kg 15.88 15.78   13.97 14.26 0.38 0.001 0.80 0.62
  Rectal temperature, °C 39.73 39.85   39.92 39.73 0.07 0.60 0.55 0.020
Overall                  
  ADG, kg 0.441 0.422   0.316 0.323 0.028 0.001 0.82 0.63
  ADFI, kg 0.898 0.816   0.657 0.651 0.031 0.001 0.16 0.23
  G:F 0.577 0.545   0.344 0.614 0.091 0.37 0.19 0.099
  BW, kg 10.77 10.86   9.65 9.94 0.19 0.001 0.31 0.61
  Rectal temperature, °C 39.49 39.60   40.01 39.98 0.03 0.001 0.23 0.067

1XPC: Original XPC (Diamond V, Cedar Rapids, IA).
2Salmonella Typhimurium resistant to the antibiotics nalidixic acid (NalR) and novobiocin (NovR).
3Inoc., inoculation with sterile broth (Broth) or S. Typhimurium NalRNovR.
4From weaning to before pigs were orally gavaged with sterile broth or 109 cfu S. Typhimurium NalRNovR on d 14 postweaning.
5d 14 to 21 postweaning. All pigs were treated with 5 mg/kg of BW intramuscular injection of ceftiofur·HCl on d 17 to 20.
6d 21 to 35 postweaning.
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mM of Tris-HCl (pH 8), 1 U/μL of HotStart-IT Fideli-
Taq DNA polymerase (USB, Cleveland, OH), 0.5 μM 
of each primer, and 50 ng of DNA. The PCR protocol 
consisted of 94°C for 5 min, followed by 19 cycles of 
94°C for 1 min, amplification at 64°C for 1 min (de-
creasing 1°C every second cycle), and elongation at 
72°C for 3 min; followed by 9 additional cycles of dena-
turation at 94°C for 1 min, amplification at 55°C for 1 
min, and elongation at 72°C for 3 min; and, finally, 1 
cycle of 94°C for 1 min, amplification at 55°C for 1 min, 
and a final elongation step at 72°C for 10 min. The size 
and intensity of PCR products were electrophoretically 
confirmed using 0.9% agarose gels (Fisher-Scientific, 
Atlanta, GA).

Denaturing Gradient Gel Electrophoresis 
Conditions. The PCR products were run on a 8% 
polyacrylamide gel in a 30 to 60% denaturant gradient 
of urea and formamide [100% denaturant corresponds 
to 7 M urea plus 40% (vol/vol) of deionized formamide; 
DCode Universal Detection System, Bio-Rad, Hercu-
les, CA]. Twenty-two microliters of PCR products was 
separated at constant voltage of 85 V and temperature 

of 60°C for 17 h. The DNA bands were visualized by 
staining with ethidium bromide (5 μg/mL) and photo-
graphed (Molecular Imager GelDoc XR, Bio-Rad). Two 
different gels were analyzed for each sample, and spe-
cies richness was determined by the number of bands 
present within a sample.

Quantification of Select Gastrointestinal 
Members. Real-time PCR was done on fecal DNA 
extracted from pigs in both diets on d 14, 15, 17, 18, 
and 35 (i.e., d 0, 1, 3, 4, and 21 postinfection) to ex-
amine the abundance of total bacteria, specific phyla 
(Bacteroidetes and Firmicutes), and genera (Bacte-
roides and Lactobacillus). Standard curves were pro-
duced from DNA isolated using the Puregene DNA 
purification kit (GENTRA Systems, Minneapolis, MN) 
per the manufacturer’s instructions. Serial dilutions of 
the DNA were made to create 10-fold serial dilutions 
from 100 to 0.1 ng/μL. Standard curves using real-time 
PCR amplification were prepared with specific primers 
(Table 2): 100, 10, 1, and 0.1 ng. Each 25-μL reaction 
contained a respective amount of DNA template, 12.5 
μL of HotSart-IT SYBR Green qPCR Master Mix 2 × 

Table 4. Least squares means for small intestinal morphology of pigs consuming postweaning diets without 
(control) or with (XPC1) Saccharomyces cerevisiae fermentation product and orally gavaged with sterile broth or 
Salmonella2 

Item

Broth Salmonella2

SEM

P-value

Control 0.2% XPC Control 0.2% XPC Inoc.3 Diet Inoc. × diet

Duodenum                  
  Villus height, μm 539.0 616.7   609.6 539.1 23.3 0.88 0.88 0.003
  Crypt depth, μm 374.6 355.9   369.5 356.7 15.1 0.89 0.30 0.85
  Villus/crypt ratio 1.47 1.76   1.68 1.63 0.10 0.71 0.26 0.098
  Villus width, μm 148.0 140.6   134.1 139.7 4.5 0.11 0.84 0.16
  No. of goblet cells/villus 24.9 29.5   24.3 22.9 2.4 0.14 0.52 0.23
  Villus goblet, No./μm 0.021 0.020   0.017 0.018 0.001 0.096 0.95 0.63
  No. of goblet cells/crypt 20.3 20.6   18.7 17.3 1.2 0.044 0.64 0.46
  Crypt goblet, No./μm 0.055 0.058   0.051 0.049 0.003 0.065 0.95 0.44
  Villus area, mm2 0.267 0.288   0.286 0.251 0.015 0.57 0.63 0.062
Jejunum                  
  Villus height, μm 478.9 456.7   471.6 499.0 16.5 0.30 0.88 0.14
  Crypt depth, μm 304.8 300.8   294.1 321.9 10.3 0.62 0.26 0.13
  Villus/crypt ratio 1.59 1.58   1.61 1.57 0.08 0.98 0.80 0.88
  Villus width, μm 136.4 130.5   125.8 132.0 2.8 0.12 0.96 0.040
  No. of goblet cells/villus 20.3 21.6   21.6 19.0 2.2 0.77 0.78 0.39
  Villus goblet, No./μm 0.019 0.020   0.018 0.018 0.001 0.26 0.53 0.61
  No. of goblet cells/crypt 21.6 23.3   22.9 24.6 1.4 0.35 0.21 1.00
  Crypt goblet, No./μm 0.075 0.078   0.072 0.072 0.004 0.32 0.68 0.80
  Villus area, mm2 0.219 0.200   0.203 0.221 0.009 0.79 0.96 0.056
Ileum                  
  Villus height, μm 421.6 421.2   466.4 426.1 17.5 0.16 0.24 0.25
  Crypt depth, μm 305.0 277.8   295.3 286.0 9.4 0.94 0.062 0.35
  Villus/crypt ratio 1.43 1.55   1.58 1.47 0.07 0.66 1.00 0.12
  Villus width, μm 140.9 136.3   132.7 128.9 2.9 0.012 0.16 0.89
  No. of goblet cells/villus 24.1 22.7   26.6 21.5 2.0 0.75 0.11 0.35
  Villus goblet, No./μm 0.025 0.023   0.024 0.022 0.002 0.76 0.23 0.81
  No. of goblet cells/crypt 23.1 19.9   21.8 22.0 1.4 0.79 0.28 0.23
  Crypt goblet, No./μm 0.076 0.071   0.077 0.075 0.004 0.53 0.36 0.81
  Villus area, mm2 0.198 0.196   0.208 0.185 0.007 0.98 0.10 0.16

1XPC: Original XPC (Diamond V, Cedar Rapids, IA).
2Salmonella Typhimurium resistant to the antibiotics nalidixic acid (NalR) and novobiocin (NovR).
3Inoc., inoculation with sterile broth (Broth) or S. Typhimurium NalRNovR.
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(USB), which contains 5 mM MgCl2, and 0.4 mM of 
nucleotides, 10 nM of fluorescein as passive reference 
dye (USB), and 0.5 μM of forward and reverse primers 
(Table 2). The PCR conditions were denaturation at 
95°C for 2 min, followed by 40 cycles of denaturation 
at 95°C for 30 s, annealing for 30 s at appropriate tem-
perature (Table 2), and elongation at 72°C for 1 min. 
Each concentration in the standard curve was done in 
triplicate using separate plates. Melting curve analysis 
of the PCR products was conducted after each assay 
to confirm that the fluorescence signal was originated 
from specific PCR product. Amplification was carried 
out (iQ Optical system Real Time PCR detection sys-
tem; Bio-Rad).

Statistical Analysis

Growth performance and RT data were analyzed with 
the PROC MIXED procedure (SAS Inst. Inc., Cary, 
NC) as a complete randomized block design in a 2 × 
2 factorial with repeated measurements, and replicate 
was used as a random effect (Kaps and Lamberson, 
2004). The model included ADG, ADFI, BW, and RT 
across the 3 periods (PRE, SCK, and POST). Fecal 
analysis of Salmonella shedding, number of copies of 
bacterial species (both log10) per gram of feces was also 

determined with PROC MIXED with replicate as a 
random effect and using repeated measures. Treatment 
effects were assessed by least squares means obtained 
using the Tukey adjustment. The denaturing gradient 
gel electrophoresis (DGGE) bands were visualized 
(Quantity One-1D analysis software, Bio-Rad), and the 
DGGE profiles were clustered based on similarity using 
the unweighted pair group method with mathematical 
averages (UPGMA; Dice coefficient of similarity) us-
ing GelCompar II (Applied Maths, Austin, TX) and 
reported as dendrograms. Significance was declared at 
P ≤ 0.05 and tendency at P < 0.10.

RESULTS

RT and Salmonella Shedding

All pigs were negative for Salmonella presence in fe-
ces before inoculation. Furthermore, pigs that received 
sterile broth never shed Salmonella or developed a fe-
brile response. Inclusion of XPC in the diet had no 
effect on RT (P = 0.57). Experimental infection with 
Salmonella resulted in a marked increase (P < 0.001) in 
RT during SCK (Figure 1). A linear reduction in RT of 
Salmonella-infected pigs was observed from d 17 (start 
of i.m. ceftiofur-HCl) to the end of antibiotic treatment 
on d 21. Inclusion of XPC in the diet tended (P < 0.10) 
to increase Salmonella shedding in feces (Figure 2).

Growth Performance

Inclusion of XPC had no effect on ADG, G:F ratio, 
BW, or RT during the PRE period (Table 3). During 
this period, however, pigs consuming XPC tended (P = 
0.06) to reduce ADFI, which resulted in numerical im-
provement (50%) in G:F. Inoculation with Salmonella 
drastically reduced (P < 0.001) ADG, ADFI, and BW 
of pigs compared with noninoculated pigs. The G:F 
tended (P = 0.07) to be less in Salmonella-infected pigs 
mainly because of a numeric reduction in pigs consum-
ing the control diet. During the recovery period (i.e., 
POST), there was a diet × inoculation interaction (P 
= 0.02), indicating that infected pigs consuming XPC 
gained more BW and had decreased RT compared with 
infected pigs consuming the control diet. Overall, in-
teraction trends (P < 0.10) were detected for G:F and 
RT. Growth performance was modestly correlated (P = 
0.002) with fecal shedding of Salmonella during SCK: 
BW (r = −0.22), ADFI (r = −0.27), ADG (r = −0.36), 
and G:F (r = −0.18).

Intestinal Morphology

These measurements were taken 2 wk after pigs 
stopped shedding in feces and had clinically recovered 
from Salmonella infection. Pigs receiving the Salmo-
nella inoculation had a reduced (P < 0.05) number of 
goblet cells present in the duodenal crypt (Table 4). 
A diet × inoculation interaction (P < 0.01) for villi 

Figure 3. Effect of infection with Salmonella and consumption of 
XPC (Original XPC, Diamond V, Cedar Rapids, IA) on fecal species 
richness determined by denaturing gradient gel electrophoresis. From 
weaning (d = 1) pigs had ad libitum access to a nursery diet with 
(XPC) or without (control) 0.2% XPC inclusion. Pigs were inoculated 
with 5 mL containing 109 cfu Salmonella Typhimurium resistant to the 
antibiotics nalidixic acid and novobiocin (Salmonella) on d 14 after 
weaning or received 5 mL of sterile broth (Broth).
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height indicates that XPC increased villus height in 
noninfected pigs but had the opposite effect on Sal-
monella-challenged pigs. Diet × inoculation interaction 
tendencies (P < 0.10) for duodenal villus/crypt ratio 
and villus area indicated improved intestinal morphol-
ogy in healthy pigs consuming XPC compared with 
controls. In the jejunum, however, a diet × inoculation 
interaction (P = 0.04) indicated a greater villus width 
in Salmonella-infected pigs consuming XPC compared 
with noninfected pigs receiving dietary XPC. A ten-
dency (P < 0.06) for a similar beneficial effect of XPC 
was quantified for villus area in the jejunum. In the il-
eum, the main site of Salmonella infection, XPC tended 
to reduce (P = 0.07) crypt depth. Inoculation of pigs 
with Salmonella resulted in a significant reduction (P = 
0.02) in villus width in the ileum.

Denaturing Gradient Gel Electrophoresis

The overall total species richness, determined by the 
number of DGGE bands, was not different between the 
pigs fed a control diet and those fed XPC. However, 
shifts in the community composition and apparent 
abundance, as indicated by band position and intensi-
ty, were observed. Several members, indicated by band 
pattern, are present within both diets, representing sta-

ble community members. The number of bands in the 
DGGE profiles varied between 16 and 20 bands for fe-
cal samples (results not shown). The similarity indices 
between individual animals consuming the same diet 
ranged from 65 to 70%. Infection of the pigs with Sal-
monella resulted in a shift in composition of the fecal 
community in samples 1 d postinfection. The DGGE 
profiles of feces from infected vs. noninfected pigs clus-
tered individually, where infection status indicates ap-
proximately 30 to 40% similarity (Figure 3). In pigs 
challenged with Salmonella NalRNovR, the groupings of 
the individual pigs were more similar, with d 14 and 15 
being clustered together, yet distinctly different from 
d 18, with the exception of pig 21 (Figure 3). Marked 
shifts in the species richness of all pigs were seen at d 
18, which corresponded to the day after administration 
of the antibiotic, ceftiofur-HCl.

Bacterial Populations

Over the entire trial, inclusion of XPC in the diet 
increased (P < 0.001) the number of copies in feces 
of Bacteroides by 2.6-fold (Figure 4) and Lactobacillus 
spp. by 3.5-fold (Figure 5), and reduced Firmicutes by 
50% (Figure 6). In addition, a diet × inoculation (P < 
0.001) interaction resulted in a 2.8-fold increase (P < 

Figure 4. Effect of infection with Salmonella and consumption of XPC (Original XPC, Diamond V, Cedar Rapids, IA) on the number of 
Bacteroides copies (log10) determined by real-time-PCR from fecal samples. From weaning (d = 1) pigs had ad libitum access to a nursery diet 
with (XPC) or without (control) 0.2% XPC inclusion. Pigs were inoculated with 5 mL containing 109 cfu of Salmonella Typhimurium resistant 
to the antibiotics nalidixic acid and novobiocin (Salmonella) on d 14 after weaning or received 5 mL of sterile broth (Broth). Values are means ± 
SEM (n = 9 to 10). a,bMeans without a common letter within day differ, P < 0.05.
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0.01) in Bacteroidetes copies in Salmonella-infected pigs 
consuming XPC (Figure 7). During SCK, consumption 
of XPC increased (P < 0.01) the populations of Bacte-
roides, Bacteroidetes, and Lactobacillus, which are all 
considered beneficial bacteria. During POST, a diet × 
inoculation tended (P = 0.07) to increase total bacte-
rial (Figure 8) copies in the feces of Salmonella-infected 
pigs consuming XPC compared with infected animals 
eating the control diet.

DISCUSSION

Prebiotic compounds offer an attractive alternative 
to the use of AGP. Growth promotion associated with 
prebiotics is believed to result from enhanced energy 
gained by the fermentation of these compounds with-
in the lower GIT, allowing the host animal to gener-
ate muscle mass and effectively producing a desirable 
market weight (Branner and Roth-Maier, 2006). Other 
health benefits, such as stimulation of intestinal motili-
ty, mineral absorption, elimination of ammonium, direct 
stimulation of the immune system, and the inhibition of 
toxin binding, are associated with host/prebiotic syn-
ergy (Macfarlane et al., 2008). However, the greatest 
protection against pathogenic bacterial infections are 

achieved by stimulating GIT bacteria to produce short-
chain fatty acids that are inhibitory to some pathogens 
and increase in quantity, therefore reducing attachment 
sites for pathogens on the GIT mucosa (Niba et al., 
2009).

Prebiotics act by stimulating diverse communities 
of microorganisms to colonize the GIT. Culture-in-
dependent analyses reveal that inclusion of prebiotic 
compounds considerably alters the abundance of cer-
tain members of the fecal microbial flora but do not 
change the overall species richness (Santos et al., 2006; 
Mountzouris et al., 2006). Prebiotic compounds such 
as galactooligosaccharides have been previously shown 
to increase the composition of beneficial bacteria, such 
as Bifidobacterium and Lactobacillus, in the colon of 
humans and mice (Tzortzis et al., 2005). Few studies 
have characterized changes to microbial communities 
in swine fed prebiotic diets. In this study, we showed 
that the inclusion of a commercial dietary supplement, 
XPC, containing nutritional metabolites, mannanoligo-
saccharides, and β-glucans produced during the anaer-
obic fermentation of Saccharomyces cerevisiae results 
in an increased number of copies for Bacteroides and 
Lactobacillus present in the feces of pigs compared with 
controls. Increased amounts of β-glucans have been 

Figure 5. Effect of infection with Salmonella and consumption of XPC (Original XPC, Diamond V, Cedar Rapids, IA) on the number of 
Lactobacillus copies (log10) determined by real-time-PCR from fecal samples. From weaning (d = 1) pigs had ad libitum access to a nursery diet 
with (XPC) or without (control) 0.2% XPC inclusion. Pigs were inoculated with 5 mL containing 109 cfu of Salmonella Typhimurium resistant 
to the antibiotics nalidixic acid and novobiocin (Salmonella) on d 14 after weaning or received 5 mL of sterile broth (Broth). Values are means ± 
SEM (n = 9 to 10). a,bMeans without a common letter within day differ, P < 0.05.
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shown to increase digesta retention time in the small 
intestine, affecting the digestibility of other nutrients, 
particularly protein and starch (Leterme et al., 2000). 
Inclusion of mixed-linked β-glucans in the diet of rats 
(Snart et al., 2006) and pigs (Pieper et al., 2008) cor-
responded with increased populations of Lactobacillus 
(Jonsson and Hemmingsson, 1991), which agrees with 
the findings of this study.

Diverse communities of microorganisms colonize the 
swine GIT. Fecal samples commonly contain about 109 
cfu/g of culturable bacteria (Moore et al., 1987), where-
as molecular tests based on amplification of the 16s 
rDNA report about 1011 copies/g of feces (Guo et al., 
2008b) that reside primarily within the small and large 
intestines (Dowd et al., 2008). Thirteen major phyloge-
netic lineages of bacteria are present within the swine 
GIT; however, the majority of these bacteria belong to 
just 2 lineages: Firmicutes and Bacteroidetes (Leser et 
al., 2002). The majority of swine fecal microbiota (70%) 
is dominated by members of the Firmicutes (including 
Clostridium spp., Lactobacillus spp., and Streptococcus 
spp.), whereas Bacteroidetes averaged about 9% of the 
total microbiota (Dowd et al., 2008; Guo et al., 2008b). 
The ability to stimulate certain members of these popu-
lations is associated with increased BW gain. In mice, 
increased numbers of Firmicutes have been positively 

associated with increased obesity (Ley et al., 2005). In 
contrast, increased fecal populations of Bacteroides and 
Bacteroidetes have been negatively correlated with obe-
sity in humans and mice (Ley et al., 2005; Turnbaugh 
et al., 2009) and with backfat thickness in pigs (Guo et 
al., 2008a). By stimulating select members of this mi-
crobiota, it may be possible to improve the recovery of 
sick animals, while maintaining adequate lean growth. 
The increase in beneficial Bacteroides and Lactobacil-
lus spp., with an overall reduction in Firmicutes mem-
bers, may be responsible for the improved growth per-
formance of Salmonella-infected pigs consuming XPC 
compared with those consuming the control diet.

Increased abundance of efficient fermenters such as 
Lactobacillus could result in increased growth perfor-
mance in the postillness period. Isolates of Lactobacillus 
have been able to inhibit the invasion of tissue culture 
cells by the enteric pathogens Salmonella enterica and 
Escherichia coli O157:H7 (Casey et al., 2004; Silva et 
al., 2004). Cultures of Bifidobacter lactis and Lacto-
bacillus rhamnosous decrease the adherence of Salmo-
nella, Escherichia coli, and Clostridium to intestinal 
mucosa (Collado et al., 2007). Weanling pigs supple-
mented with a mixture of probiotic bacteria (3 species 
of Lactobacillus and Pediococcus spp.) and subsequently 
challenged with Salmonella Typhimurium showed re-

Figure 6. Effect of infection with Salmonella and consumption of XPC (Original XPC, Diamond V, Cedar Rapids, IA) on the number of Fir-
micutes copies (log10) determined by real-time-PCR from fecal samples. From weaning (d = 1) pigs had ad libitum access to a nursery diet with 
(XPC) or without (control) 0.2% XPC inclusion. Pigs were inoculated with 5 mL containing 109 cfu Salmonella Typhimurium resistant to the 
antibiotics nalidixic acid and novobiocin (Salmonella) on d 14 after weaning or received 5 mL of sterile broth (Broth). Values are means ± SEM 
(n = 9 to 10). a,bMeans without a common letter within day differ, P < 0.05.
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duced incidence and duration of diarrhea and shed-
ding of Salmonella (Casey et al., 2007). It is possible 
that XPC itself possesses antimicrobial activity. The 
prebiotic compound used in the present study consists 
of metabolites of Saccharomyces cerevisiae fermenta-
tion, and the soluble metabolites were associated with 
growth inhibition of Candida tropicalis and Escherichia 
coli in vitro, likely because of competition for nutrients 
(Jensen et al., 2008). Soluble compounds may also in-
crease the composition of other members of the micro-
bial community not considered in this study. Microbial 
communities of fecal samples seem to be affected by the 
presence of Salmonella, as indicated by DGGE analysis. 
Differences in similarity indexes may be due to altera-
tions in the members of other phylogenetic groups that 
were not considered in this study. Enteric salmonel-
losis has been reported to alter the microbial ecology, 
specifically increasing the numbers of Clostridia in the 
murine GIT preceding the onset of diarrhea, indicating 
the involvement of pathogen-commensal interactions or 
host responses or both unrelated to diarrhea (Barman 
et al., 2008).

Enhanced intestinal morphology has been associated 
with greater BW gain in healthy and sick pigs (Pluske 
et al., 1996; Zijlstra et al., 1997). In this study, in-
clusion of XPC increased jejunal villi width and area 
in the jejunum of Salmonella-infected pigs compared 

with infected controls. Thus, a greater digestive and 
absorptive intestinal capacity may have contributed to 
the enhanced growth performance during the recovery 
phase of Salmonella-inoculated pigs consuming XPC 
compared with infected controls. Changes in bacterial 
populations and intestinal morphology could be acting 
concomitantly to enhance the recovery of pigs experi-
mentally infected with Salmonella. The tendency to in-
crease Salmonella shedding when consuming XPC can 
be interpreted to indicate a rapid elimination of the 
pathogen from the GIT, which may result in reduced 
infection rates and enhanced clearance of the pathogen 
(Bovee-Oudenhoven et al., 2003). Rectal temperature 
results clearly indicate that noninfected pigs indeed 
were kept free of Salmonella and any other pathogen 
that would have triggered a systemic inflammatory re-
sponse. The febrile response of Salmonella-infected pigs 
is a clear indication that animals were clinically sick 
and had developed a systemic immune response. Pigs 
infected with Salmonella in the present study were fe-
brile for 5.5 d after inoculation (i.e., 2.5 d after i.m. 
treatment with ceftiofur·HCl) compared with 1 to 3 
d in a comparable study (Burkey et al., 2004). This 
comparison indicates that the strain of Salmonella Ty-
phimurium used in the present study seems to be more 
pathogenic to pigs. This observation is important to 
consider because pigs did not recover naturally from 

Figure 7. Effect of infection with Salmonella and consumption of XPC (Original XPC, Diamond V, Cedar Rapids, IA) on the number of 
Bacteroidetes copies (log10) determined by real-time-PCR from fecal samples. From weaning (d = 1) pigs had ad libitum access to a nursery diet 
with (XPC) or without (control) 0.2% XPC inclusion. Pigs were inoculated with 5 mL containing 109 cfu of Salmonella Typhimurium resistant 
to the antibiotics nalidixic acid and novobiocin (Salmonella) on d 14 after weaning or received 5 mL of sterile broth (Broth). Values are means ± 
SEM (n = 9 to 10). a,bMeans without a common letter within day differ, P < 0.05.
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the disease and, instead, received treatment with an 
antibiotic to which Salmonella was specifically tested 
to be sensitive. Yet, it took 2.5 d of i.m. antibiotic 
treatment to return RT to PRE temperatures and 3 d 
to eliminate Salmonella shedding in feces. Taking into 
account the beneficial changes in bacterial populations 
induced by XPC intake during SCK, we hypothesized 
that inclusion of XPC may have a stronger effect on 
growth performance in animals suffering from longer 
infections than the one used in this study. Under the 
commercial production environment, inclusion of XPC 
in diets for pigs may enhance the growth performance of 
pigs because they are more likely to naturally clear in-
fections or have chronic exposure to pathogens. Finally, 
the prebiotic effects of XPC may enhance the recovery 
of animals after an infection by altering GIT morphol-
ogy and by maintaining or enhancing the populations 
of beneficial bacteria within the GIT, which may in 
turn contribute to improve the lean growth of pigs.
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