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A B S T R A C T

Most of the commercially available β-glucans are derived from yeast, while there are limited
research on algae-derived β-glucan in pigs. Therefore, the objective of this experiment was to
investigate the influence of dietary supplementation of algae-derived β-glucan on diarrhea, gut
permeability, and immune responses of weaned pigs experimentally infected with a pathogenic
Escherichia coli (E. coli). Thirty-six weaned pigs (7.69 ± 0.77 kg BW) were individually housed in
disease containment rooms and randomly allotted to one of three dietary treatments (n=12):
control diet and 2 additional diets containing either 54 or 108mg/kg of β-glucan. The experi-
ment lasted 17 d [5 d before and 12 d post inoculation (PI)]. The inoculum used in this ex-
periment was F18 E. coli, containing heat-labile toxin, heat-stable toxin b, and shiga-lie toxin 2.
The inoculation doses were 1010 cfu/3mL oral dose daily for 3 days. Diarrhea score (1, normal, to
5, watery diarrhea) was recorded for each pig daily to calculate frequency of diarrhea. Blood
samples were collected on d 0 before E. coli challenge, and on d 2, 5, 8, and 12 PI to measure total
and differential blood cell count in whole blood and several inflammatory markers in serum.
Fresh jejunal tissues were collected from 4 pigs in the control group and high dose β-glucan group
to analyze gut permeability on d 5 and d 12 PI with Ussing Chamber. Jejunal and ileal mucosa
were also collected to measure the mRNA expression of several genes related to gut barrier
function and immune responses. Results of this experiment revealed that inclusion of high dose β-
glucan reduced (P < 0.05) frequency of diarrhea (29.01% vs. 17.28%) for the entire experi-
mental period. This was likely due to the reduced (P < 0.05) gut permeability and increased
(P < 0.05) mRNA expression of gut barrier function genes (Claudin, Occludin, and MUC2) in
jejunal mucosa of E. coli challenged pigs as β-glucan supplemented. Supplementation of β-glucan
also reduced (P < 0.05) white blood cells, neutrophils, serum tumor necrosis factor (TNF)-α,
cortisol, and haptoglobin, and down-regulated (P < 0.05) the mRNA expression of several
immune genes (IL1B, IL6, and TNFA) in ileal mucosa of E. coli challenged pigs, compared with the
control diet. In conclusion, in feed supplementation of algae-derived β-glucan alleviated diarrhea
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of F18 E. coli infected pigs by enhancing gut integrity. Feeding β-glucan also boosted host im-
mune response against E. coli infection.

1. Introduction

Escherichia coli that express F18 fimbria are the predominant strains that cause post-weaning diarrhea in pigs (Nagy et al., 1997).
This diarrhea per se accounts for 20–30% of cases of mortality in weanling pigs, therefore, is responsible for a huge economic losses in
pig production (Fairbrother et al., 2005; Zhang et al., 2007). Many feed-based health technologies have been developed to either
modulate gut microbiota and/or enhance immune responses of weaned pigs in order to improve disease resistance and production of
weaned pigs (Pettigrew, 2006; Liu et al., 2018).

β-glucans are a heterogeneous group of polysaccharides naturally present in cereal grains, fungi, seaweed, and algae (Akramiene
et al., 2007). The individual glucose in β-glucans are primarily linked by (1,3)-, (1,4)-, or (1,6)-β glycosidic bonds. It has been

Table 1
Ingredient compositions of experimental diets1.

Ingredient, g/kg Control diet

Corn 445.1
Dried whey 150.0
Soybean meal 140.0
Fish meal 100.0
Soy protein concentrate 70.0
Lactose 60.0
Soybean oil 20.0
Limestone 5.6
L-Lysine·HCl 1.5
DL-Methionine 0.6
L-Threonine 0.2
Salt 4.0
Vit-mineral prelim2 3.0
Total 1000.0
Calculated energy and nutrient
Metabolizable energy, kcal/kg 3,487
Net energy, kcal/kg 2,615
Isoleucine,3 g/kg 8.6
Leucine,3 g/kg 16.8
Lysine,3 g/kg 13.5
Methionine,3 g/kg 4.4
Threonine,3 g/kg 7.9
Tryptophan,3 g/kg 2.3
Valine,3 g/kg 9.5
Methionine+Cysteine,3 g/kg 7.4
Analyzed dry matter and nutrients, g/kg
Dry matter 902.0
Crude protein 223.7
Ash 63.6
Acid detergent fiber 22.6
Neutral detergent fiber 74.0
Calcium 10.6
Phosphorus 6.7

1 Two additional diets were prepared by adding low dose (54 mg/kg) or
high dose (108 mg/kg) of algae-derived β-glucan to the control diet, re-
spectively.

2 Provided the following quantities of vitamins and micro minerals per
kilogram of complete diet: Vitamin A as retinyl acetate, 11,136 IU; vitamin D3
as cholecalciferol, 2208 IU; vitamin E as DL-alpha tocopheryl acetate, 66 IU;
vitamin K as menadione dimethylprimidinol bisulfite, 1.42mg; thiamin as
thiamine mononitrate, 0.24mg; riboflavin, 6.59mg; pyridoxine as pyridoxine
hydrochloride, 0.24mg; vitamin B12, 0.03mg; D-pantothenic acid as D-cal-
cium pantothenate, 23.5 mg; niacin, 44.1 mg; folic acid, 1.59mg; biotin,
0.44mg; Cu, 20mg as copper sulfate and copper chloride; Fe, 126mg as
ferrous sulfate; I, 1.26mg as ethylenediamine dihydriodide; Mn, 60.2 mg as
manganese sulfate; Se, 0.3 mg as sodium selenite and selenium yeast; and Zn,
125.1mg as zinc sulfate.

3 Amino acids were indicated as standardized ileal digestible amino acids.
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reported that the biological properties of β-glucans include anti-tumor and immunomodulatory effects in vitro (Smiderle et al., 2014;
Choromanska et al., 2015; Choi et al., 2016). The in vivo immune-stimulatory effects of β-glucan have also been demonstrated in
human, mice, and pigs (Gu et al., 2005; Li et al., 2006; Shen et al., 2009; Samuelsen et al., 2014). However, not all types of β-glucans
exhibit similar immune-modulatory effects. For instance, cellulose, that is a β-(1,4)-glucan, does not have immuno-modulatory effects
(Lange, 2000; Kumar et al., 2012). However, β-(1,3)-glucans derived from fungi and yeast are well known for their benefits to
regulate immune system of both human and animals (Thompson et al., 2010; Samuelsen et al., 2014; Smiderle et al., 2014). This
variation is due to differences in physiochemical properties, including purity, solubility, molecular mass, degree of branching,
polymer charge, chemical structure, and tertiary structure between these β-glucans (Brown and Gordon, 2005). In addition, Dectin-
1 highly recognizes β-(1,3)-glucans from a variety of sources, therefore, triggers the modulation of immune system (Thompson et al.,
2010).

Currently, the majority of commercially available β-glucans are derived from yeast, whereas limited research have been con-
ducted on algae-derived β-glucan in pigs. The β-glucans extracted from algae Euglena gracilis are linked by (1,3)-glycosidic bonds and
are categorized as paramylon (Bacic et al., 2009). Sonck et al. (2010) has reported that β-glucan from algae Euglena gracilis strongly
stimulated porcine leukocytes in vitro. Therefore, the hypothesis of this experiment was supplementation of algae Euglena gracilis-
derived β-glucan could modulate immune responses and gut integrity, therefore, enhance disease resistance and health of weaned
pigs. The objectives of this study were to investigate the effects of algae-derived β-glucan on diarrhea, gut permeability and immune
responses of weaned pigs experimentally infected with F18 E. coli.

2. Materials and methods

The protocol for this experiment was reviewed and approved by the Institutional Animal Care and Use Committee at the
University of California, Davis (IACUC #19322). The experiment was conducted at the Teaching and Research Animal Care Services P
building at the University of California, Davis.

2.1. Animals, housing, experimental design, and diet

A total of 36 weaning pigs (21 d old) with an equal number of gilts and barrows and an average initial body weight (BW) of
7.69 ± 0.77 kg were selected from the Swine Teaching and Research Center of the University of California, Davis. The sows and
piglets used in this experiment did not receive E. coli vaccines, antibiotic injections, or antibiotics in creep feed. After weaning, all
pigs were randomly assigned to one of three dietary treatments in a randomized complete block design with weight and sex within
litter as the blocks and pig as the experimental unit. There were 12 replicate pigs per treatment. Pigs were individually housed (pen
size: 0.61×1.22m) in an environmental control unit for 17 d [5 d before and 12 d after the first E. coli challenge (d 0)]. The piglets
had ad libitum access to feed and water. Environmental enrichment was provided for each pig. The light was on at 0700 and off at
1900 h daily in the environmental control unit. The room temperature was 25 to 27 °C throughout the experiment.

The 3 dietary treatments included: 1) a complex nursery basal diet as the control diet, 2) a complex nursery basal diet including
54mg/kg (low dose) of algae-derived β-glucan, and 3) a complex nursery basal diet including 108mg/kg (high dose) of algae-derived
β-glucan (Table 1). All diets met the current estimates for nutrient requirements for nursery pigs (NRC, 2012). Spray-dried plasma,
antibiotics, and zinc oxide were not included in the diets. The experimental diets were fed to pigs as a mash form throughout the
experiment. The β-glucan used in this experiment was ProGlucan™ (dried algae Euglena gracilis) and provided by Algal Scientific, USA
(Plymouth, MI). The product contained around 50% β-glucan, in which 95% of them was β-1,3-glucan.

After 5 days adaptation, all pigs were orally inoculated with 3mL of F18 E. coli for 3 consecutive days from d 0 post-inoculation
(PI). The F18 E. coli were isolated from a field disease outbreak by the University of Illinois Veterinary Diagnostic Lab (isolate
number: U.IL-VDL # 05–27242), and expressed heat-labile, heat-stable b, and Shiga-like toxins. The inoculums were provided at 1010

cfu per 3mL dose in phosphate buffer saline. This dose caused mild diarrhea in the current experiment, which is consistent with our
previous published research (Song et al., 2012; Almeida et al., 2013; Liu et al., 2013).

2.2. Clinical observations and sample collection

The procedures for this experiment were adapted from previous research methods (Liu et al., 2013). Before weaning, feces were
collected from sows and all their piglets destined for this experiment and plated on blood agars and MacConkey agars to verify the
free of β-hemolytic E. coli (Liu et al., 2013). All pigs that were used in the current experiment were negative to the F18 E. coli. Clinical
observations (diarrhea score and alertness score) were recorded twice daily throughout the experiment. The diarrhea score of each
pig was assessed visually each day by 2 independent evaluators, with the score ranging from 1 to 5 (1 = normal feces, 2 = moist
feces, 3 = mild diarrhea, 4 = severe diarrhea, and 5 = watery diarrhea). The frequency of diarrhea was calculated as the percentage
of the pen days with diarrhea score 3 or greater. The alertness score of each pig was assessed visually with a score from 1 to 3 (1 =
normal, 2 = slightly depressed or listless, and 3 = severely depressed or recumbent). All pigs had alertness score 1 throughout the
experiment, so data were not reported. Rectal temperature was recorded daily throughout the experiment. Pigs were weighed on
weaning day, d 0 before inoculation, and d 5 and 12 PI. Feed intake was recorded throughout the experiment. Average daily gain,
average daily feed intake, and feed conversion ratio (gain:feed) was calculated for each interval from d -5 to 0, d 0 to 5 PI, and d 5 to
12 PI.

After inoculation, rectal swabs were collected from each pig using a cotton swab on d 2 PI to test β-hemolytic coliforms (Song
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et al., 2012; Almeida et al., 2013), and all pigs were β-hemolytic positive. Questionable colonies were subcultured on new Mac-
Conkey and blood agars, verified as the β-hemolytic E. coli challenge stain by using triple sugar iron and lysine iron agars reactions
and as F18+ E. coli by means of PCR (DebRoy and Maddox, 2001). All pigs were successfully infected with F18 E. coli. Blood samples
were collected from the jugular vein of each pig with or without ethylenediaminetetraacetic acid to yield whole blood and serum,
respectively, before E. coli challenge (d 0), and on d 2, 5, 8, and 12 PI. Fresh whole blood samples were used for measuring total and
differential blood cell count and analyzing the population of T cells and B cells. Serum samples were collected and immediately stored
at −80 °C before further analysis.

Eighteen pigs (3 barrows and 3 gilts from each treatment) were randomly selected and euthanized on d 5 PI near the peak of
infection, and the remained pigs were euthanized at the end of the experiment (d 12 PI) that was the recovery period of E. coli
infection. Before euthanization, pigs were anesthetized with 1mL mixture of 100mg telazol, 50 mg ketamine, and 50mg xylazine
(2:1:1) by intramuscular injection. After anesthesia, intracardiac injection with 78mg sodium pentobarbital (Vortech
Pharmaceuticals, Ltd., Dearborn, MI) per 1 kg of BW was used to euthanize each pig. Jejunal samples were freshly collected from pigs
in the control group and high β-glucan group (4 replicates/group) and stored in Krebs solution for gut permeability analysis.

2.3. Determination of total and differential blood cell counts

Whole blood samples were used to measure total and differential blood cell counts by Comparative Pathology Laboratory at the
University of California, Davis. A multiparameter, automated programmed hematology analyzer (Drew/ERBA Scientific 950 FS
Hematological Analyzer, Drew Scientific Inc., Miami, FL) was used for the assay to optimally differentiate porcine blood.

Differentiation of lymphocytes was performed on whole blood by single-color flow cytometer analysis using CD4 (CD4+ T cells),
CD8 (CD8+ T cells), and CD21 (B cells) monoclonal antibody (mAb) labeling, respectively. Briefly, 1.5 μL of anti-CD4-fluorescein
isothiocyanate (FITC) (mAb 74-12-4; 0.5mg/mL), 1 μL of anti-CD8α-Spectral Red (0.1 mg/mL) (mAb 76-2-11), and 1 μL of anti-
CD21-phycoerythrins (mAb BB6-11C9.6; 0.1mg/mL) were simultaneously added to 100 μL of whole blood. Antibodies for analysis
were purchased from Southern Biotechnology Associate Inc, Birmingham, AL. After incubating 20min in the dark at room tem-
perature, erythrocytes were lysed by adding 1.7 mL of lysing solution and incubated for 10min. After washing the cells twice with
1.7mL of wash buffer, the cells were resuspended in 0.5mL of 1% paraformaldehyde solution and analyzed on a flow cytometry
analyzer (BD Biosciences LSR II; BD Biosciences, San Jose, CA). For each sample, 10,000 cells were analyzed using FlowJo software
(FlowJo LLC, Ashland, OR). Cell populations were identified in dot plots of cells size forward scatter versus cell granularity side
scatter and cell counts versus fluorescence (FITC, SPRD, or phycoerythrins).

2.4. Measurements of serum cytokines and acute phase proteins

Serum samples were analyzed for pro-inflammatory cytokines (Tumor necrosis factor-α (TNF-α) and IL-6) and anti-inflammatory
cytokine (IL-10) with porcine-specific ELISA kits (R&D System Inc., Minneapolis, MN). All samples were analyzed in duplicate
including standard and control. Briefly, standard, control and samples were plated to the wells with a coated monoclonal antibody
specific for each measurement of cytokine. After 2 h of incubation, any unbound substances were washed away with diluted washing
solution, and an enzyme-linked polyclonal antibody specific for the tested cytokine was added to the wells to sandwich the cytokine
immobilized during the first incubation. Another 2 h of incubation was followed by a wash to remove any unbound antibody-enzyme
reagent, and then a substrate solution was added to the wells and color developed in proportion to the amount of the cytokine bound
in the initial step. A stop solution was added to all wells to stop development of color prior to measurement of color intensity at
450 nm with a correction wavelength set at 540 nm using a plate reader (BioTek Instruments, Inc., Winooski, VT). Concentrations of
each cytokine in the tested samples were calculated based on a standard curve. The concentration of cortisol (R&D System Inc.,
Minneapolis, MN) and haptoglobin (GenWay Biotech Inc., San Diego, CA) in serum samples were also measured by commercial ELISA
kits. Similar procedures have been used as those described above, except pre-treatment of samples and incubation times. The intra-
assay coefficients of variation for TNF-α, IL-6, IL-10, cortisol, and haptoglobin were 3.6, 4.4, 2.6, 5.4, and 2.7%, respectively. The
inter-assay coefficients of variation for TNF-α, IL-6, IL-10, cortisol, and haptoglobin were 9.2, 5.9, 4.5, 9.3, and 6.2% respectively.
The results of cytokines, cortisol and haptoglobin were expressed in picograms, nanograms or micrograms per milliliter based on the
standard curves.

2.5. Gut permeability analysis with ussing chamber

The procedures for this measurement followed the previously published methods (Garas et al., 2016). Tissues were mounted in an
Ussing Chamber (Physiological Instruments, San Diego, CA) after being stripped of longitudinal muscle and opened along the me-
senteric border. In the chamber, tissue surface area (0.5 cm2) was exposed to 2.5 ml of oxygenated Krebs-mannitol (10mM) and
Krebs-glucose (10mM) at 37 °C on the luminal and serosal sides, respectively. After a 30min equilibration, short circuit current and
conductance were measured. Transcellular and paracellular permeability were determined by measuring the flux of horseradish
peroxidase and FITC-dextran across jejunal mucosa, respectively. Horseradish peroxidase (0.5 mg) and FITC-dextran (1mg) were
added to the mucosal chamber and 200 μL of sample were collected from the serosal chamber every 30min for 1 h. To maintain a
constant volume within the chamber, an equivalent volume of Krebs-glucose solution was replaced at each sampling point. O-
dianisidine peroxidase substrate was used to detect horseradish peroxidase at absorbance 450 nm. Concentration of FITC-dextran was
measured via fluorescence at excitation 485 nm and emission 538 nm, respectively.
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2.6. Quantitative real-time PCR

Total RNA were extracted from jejunal and ileal mucosa samples that were collected on d 5 and 12 PI as previously published
methods (Liu et al., 2014). The RNA quality and quantity were assessed prior to reverse transcription to synthesize first-strand cDNA
with SuperScript III First-Strand Synthesis SuperMix for quantitative real time-PCR (qRT-PCR) kit (Invitrogen; Carlsbad, CA). The
mRNA expression of zona occludens 1 (ZO-1), Claudin, Occludin, MUC2, and Dectin in jejunal mucosa and COX2, IL1B, IL6, TNFA,
MUC2, and Dectin in ileal mucosa were analyzed by qRT-PCR. Data normalization was accomplished using β-actin and glyceraldehyde
3-phosphate dehydrogenase as housekeeping genes. Primers were designed based on published literature and commercially synthesized
by Applied Biosystems, Foster, CA. All primers were verified prior to qRT-PCR (Supplementary Table 1). The qRT-PCR reaction
conditions followed the published research (Liu et al., 2014). The 2−ΔΔC

T method was used to analyze relative quantification of genes
compared with the control diet (Livak and Schmittgen, 2001).

2.7. Statistical analysis

Normality of data were verified and outliers were identified using the UNIVARIATE procedure (SAS Inst. Inc., Cary, NC). Outliers
were identified and removed as values that deviated from the treatment mean by more than 3 times the interquartile range. All data
were analyzed by ANOVA using PROC MIXED of SAS in a randomized complete block design with pig as the experimental unit. The
statistical model included diet as the main effect and blocks (gender and pig) as the random effects. Treatment means were separated
by using the LSMEANS statement and the PDIFF option of PROC MIXED. The chi-squared test was used for analyzing frequency of
diarrhea. Statistical significance and tendency was considered at P < 0.05 and 0.05 ≤ P < 0.10, respectively.

3. Results

3.1. Growth performance, rectal temperature, and diarrhea score

No difference was observed in the initial BW of pigs among dietary treatments (7.77, 7.51, and 7.81 kg in control, low-dose, and
high-dose β-glucan treatment, respectively). Before and after E. coli infection, dietary β-glucan did not affect pig BW compared with
the control group. No differences were observed in average daily gain, average daily feed intake, and feed efficiency of pigs
throughout the experiment among dietary treatments (Data not shown).

Pigs fed the diet containing a low dose of β-glucan had lower (P<0.05) rectal temperature on d 5 and 7 PI, compared with pigs
fed the control or high dose β-glucan diet (Fig. 1). Supplementation of high dose β-glucan reduced (P<0.05) diarrhea score of E. coli
infected-pigs on d 3 and 5 PI (Fig. 2). Inclusion of high dose β-glucan reduced (P < 0.05) the frequency of diarrhea (17.28%) for the
entire experimental period, compared with pigs in the control (29.01%) and low dose β-glucan (27.10%) treatments.

3.2. Total and differential blood cell count

No treatment effects were observed in the total and differential white blood cells among dietary treatments on d 0 before in-
oculation, and d 5 and 12 PI (Table 2). Supplementation of low dose β-glucan reduced (P < 0.05) the number of white blood cells
and neutrophils compared with the control diet on d 8 PI. No differences were observed in the percentage of CD4+ T cells, CD8+ T

Fig. 1. Rectal temperature of weaned pigs fed diets supplemented with algae-derived β-glucan. The low-dose β-glucan diet contained 54mg/kg β-
glucan, whereas the high dose β-glucan diet contained 108mg/kg β-glucan. Data were least squares mean of 12 observations per treatment before d
5 PI (post-inoculation), and 6 observations after d 5 PI. a,bwithin d 5 or d 7 PI, means without a common superscript are different (P < 0.05).
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Fig. 2. Daily diarrhea score of weaned pigs fed diets supplemented with low or high dose algae-derived β-glucan. The low-dose β-glucan diet
contained 54mg/kg β-glucan, whereas the high dose β-glucan diet contained 108mg/kg β-glucan. Diarrhea score=1, normal feces, 2, moist feces,
3, mild diarrhea, 4, severe diarrhea, 5, watery diarrhea. Low or high dose β-glucan diet contained 54 or 108mg/kg of algae-derived β-glucan in the
diets, respectively. a,bwithin d 3 or d 5 PI, means without a common superscript are different (P < 0.05).

Table 2
Total and differential white blood cells in weaned pigs fed diets supplemented with algae-derived β-glucan1.

Item2 Control Low dose
β-glucan

High dose
β-glucan

SEM P-value

d 0 before inoculation
WBC, 103/μL 11.6 10.0 11.3 1.35 0.68
Neu, 103/μL 6.00 4.50 5.24 0.92 0.58
Lym, 103/μL 4.04 4.35 4.76 0.64 0.53
CD4+ T, % of Lym 46.4 51.2 42.9 3.61 0.31
CD8+ T, % of Lym 47.1 46.0 51.2 4.76 0.76
B cells, % of Lym 9.6 12.6 12.5 2.02 0.52
d 2 PI
WBC, 103/μL 11.6 11.1 10.9 1.39 0.93
Neu, 103/μL 5.91 4.93 5.11 0.95 0.69
Lym, 103/μL 4.22 4.82 4.55 0.64 0.74
CD4+ T, % of Lym 30.4b 38.5a 36.5ab 2.82 < 0.05
CD8+ T, % of Lym 61.0 61.1 65.4 3.04 0.51
B cells, % of Lym 18.3 18.9 19.3 2.45 0.96
d 5 PI
WBC, 103/μL 14.2 12.3 12.5 0.95 0.55
Neu, 103/μL 7.11 5.84 5.25 0.92 0.49
Lym, 103/μL 5.26 5.88 5.89 0.66 0.65
CD4+ T, % of Lym 28.2b 35.4a 32.7ab 2.55 < 0.05
CD8+ T, % of Lym 56.7b 57.2b 69.4a 3.56 < 0.05
B cells, % of Lym 16.9 15.6 12.1 2.45 0.46
d 8 PI
WBC, 103/μL 19.3a 15.6b 17.7ab 1.16 < 0.05
Neu, 103/μL 8.75a 5.85b 7.75ab 0.91 < 0.05
Lym, 103/μL 7.49 6.37 7.32 0.69 0.89
CD4+ T, % of Lym 30.1 32.6 32.2 2.17 0.75
CD8+ T, % of Lym 65.6 68.1 66.9 3.41 0.89
B cells, % of Lym 17.6 16.8 17.4 2.16 0.94
d 12 PI
WBC, 103/μL 16.7 15.5 16.4 1.35 0.75
Neu, 103/μL 7.24 6.50 7.48 0.92 0.55
Lym, 103/μL 7.92 7.73 7.57 0.69 0.94
CD4+ T, % of Lym 30.5 34.8 29.7 2.67 0.45
CD8+ T, % of Lym 59.3a 58.2ab 47.8b 3.60 < 0.05
B cells, % of Lym 15.8 13.1 17.9 2.32 0.39

1 Data were least squares mean of 12 observations per treatment before d 5 PI, and 6 observations after d 5 PI. The low-dose β-glucan diet
contained 54 mg/kg β-glucan, whereas the high dose β-glucan diet contained 108 mg/kg β-glucan.

2 WBC=white blood cell; Neu=neutrophil; Lym= lymphocyte; Mono=monocyte; Eos= eosinophil; Baso=basophil; PI= post-inoculation.
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cells, and B cells in lymphocytes among dietary treatments on d 0 before E. coli inoculation. Supplementation of low dose β-glucan
increased (P < 0.05) the percentage of CD4+ T cells in lymphocytes on d 2 and 5 PI compared with the control diet. Inclusion of
high dose β-glucan increased (P < 0.05) the percentage of CD8+ T cells in lymphocytes on d 5 PI, but reduced (P < 0.05) the
percentage of CD8+ T cells in lymphocytes on d 12 PI compared with the control diet.

3.3. Serum cytokines, cortisol, and haptoglobin

No differences were observed in the serum concentrations of TNF-α and IL-6, IL-10, cortisol, and haptoglobin among dietary
treatments on d 0 before E. coli inoculation (Table 3). No differences were observed in serum IL-6 among dietary treatments
throughout the experiment. Inclusion of either low or high dose of β-glucan reduced (P < 0.05) serum haptoglobin on d 2 and 5 PI,
reduced (P < 0.05) serum cortisol on d 5, 8, and d 12 PI compared with the control diet. Inclusion of a low dose of β-glucan also
reduced (P < 0.05) serum haptoglobin on d 12 PI compared with the control diet. Pigs fed the diet supplemented with a high dose of
β-glucan had lower (P < 0.05) serum TNF-α concentration on d 5 PI, but higher (P < 0.05) serum IL-10 on d 2 PI than pigs fed the
control diet.

3.4. Gut permeability

Supplementation of high dose β-glucan reduced (P < 0.05) jejunal transcellular permeability of E. coli infected-pigs on d 12 PI
compared with pigs fed the control diet (Fig. 3). No difference was observed in transcellular permeability on d 5 PI and paracellular
permeability on d 5 and 12 PI.

3.5. Gene expression

Supplementation of high dose β-glucan up-regulated (P < 0.05) the mRNA expression of Dectin in jejunal mucosa on d 5 and 12
PI, compared with the control diet (Fig. 4). Supplementation of low dose β-glucan enhanced (P < 0.05) the gene expression of
Claudin, Occludin, and MUC2 on d 12 PI, compared with the control diet. However, no differences were observed in the gene
expression of ZO-1 among dietary treatments.

Table 3
Serum inflammatory mediators in weaned pigs fed diets supplemented with algae-derived β-glucan1.

Item Control Low dose
β-glucan

High dose
β-glucan

SEM P-value

d 0 before inoculation
TNF-a, pg/mL 118.3 123.4 143.8 28.6 0.48
IL-6, pg/mL 34.5 29.3 32.4 4.8 0.47
IL-10, pg/mL 21.5 18.4 20.7 2.6 0.35
Cortisol, ng/mL 74.2 91.3 74.4 9.3 0.37
Haptoglobin, μg/mL 1,355 1,167 1,273 212.8 0.77
d 2 PI2

TNF-a, pg/mL 172.4 163.5 182.4 26.4 0.76
IL-6, pg/mL 34.1 34.7 40. 3.2 0.16
IL-10, pg/mL 16.1b 17.1ab 23.0a 2.5 < 0.05
Cortisol, ng/mL 98.7 78.1 101.1 8.6 0.15
Haptoglobin, μg/mL 2,336a 1,750b 1,426b 195.3 < 0.01
d 5 PI
TNF-a, pg/mL 243.3a 215.3ab 180.1b 21.1 < 0.05
IL-6, pg/mL 41.6 39.3 41.2 3.5 0.62
IL-10, pg/mL 28.1 27.0 24.3 1.7 0.33
Cortisol, ng/mL 138.1a 97.1b 106.1b 9.2 < 0.01
Haptoglobin, μg/mL 2,316a 1,705b 1,374b 159.6 < 0.01
d 8 PI
TNF-a, pg/mL 192.6 162.8 139.2 21.7 0.27
IL-6, pg/mL 38.8 33.3 45.7 4.9 0.23
IL-10, pg/mL 17.5 19.3 18.5 2.6 0.59
Cortisol, ng/mL 148.6a 101.5b 106.3b 13.5 < 0.05
Haptoglobin, μg/mL 1404 1129 1195 161.9 0.21
d 12 PI
TNF-a, pg/mL 164.4 157.2 144.6 29.5 0.81
IL-6, pg/mL 46.3 50.3 53.3 5.2 0.39
IL-10, pg/mL 22.3 24.4 26.0 2.6 0.25
Cortisol, ng/mL 160.7a 107.7b 121.7b 8.0 < 0.01
Haptoglobin, μg/mL 1,458a 703b 1,094ab 218.6 < 0.05

1 Data were least squares mean of 12 observations per treatment before d 5 PI, and 6 observations after d 5 PI. The low-dose β-glucan diet
contained 54mg/kg β-glucan, whereas the high dose β-glucan diet contained 108mg/kg β-glucan.

2 PI= post-inoculation.
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On d 5 PI, supplementation of high dose β-glucan down-regulated (P < 0.05) the gene expression of IL6, but up-regulated (P <
0.05) the expression of MUC2 in ileal mucosa of E. coli challenged pigs, compared with the control diet (Fig. 5). Supplementation of
low dose β-glucan up-regulated (P < 0.05) the mRNA expression of Dectin in ileal mucosa of pigs, compared with the control diet.
However, no differences were observed in the expression of COX2, IL1B and TNFA in ileal mucosa among dietary treatments.

On d 12 PI, addition of high dose β-glucan reduced (P < 0.05) the expression of IL6 but enhanced (P < 0.05) the expression of
Dectin in ileal mucosa of E. coli challenged pigs, compared with the control diet. Supplementation of low dose β-glucan down-
regulated (P < 0.05) IL1B and TNFA but up-regulated (P < 0.05) MUC2 expression in ileal mucosa of pigs compared with the
control. No difference was observed in the expression of any gene between high and low dose β-glucan treatments.

4. Discussion

The F18 E. coli-induced post weaning diarrhea is a common cause of morbidity and mortality in weaned pigs (Verdonck et al.,
2002). The results reported in this experiment indicate that supplementation of about 108mg/kg of β-glucan could alleviate fre-
quency of diarrhea and inflammation of weaned pigs caused by F18 E. coli infection. These findings are in agreement with previous

Fig. 3. Gut permeability of weaned pigs fed diets supplemented high dose β-glucan on d 5 and 12 post-inoculation. (a) Transcellular permeability,
(b) Paracellular permeability. The high dose β-glucan diet contained 108mg/kg of algae-derived β-glucan. The data for non-infected pigs were from
our previous unpublished experiment. Data were least squares means of 4 observations per treatment. The flux values for horseradish peroxidase
and FITC-dextran were analyzed from 0 to 60min. a,bMeans without a common superscript are different (P < 0.05).

Fig. 4. Relative mRNA abundance of ZO-1, Claudin, Occludin, MUC2, and Dectin in jejunal mucosa of E. coli-challenged pigs fed diets supplemented
with algae-derived β-glucan on d 5 and 12 PI (post-inoculation). The low-dose β-glucan diet contained 54mg/kg β-glucan, whereas the high dose β-
glucan diet contained 108mg/kg β-glucan. Data were least squares means of 6 observations per treatment. a,bMeans without a common superscript
are different (P < 0.05).
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published report, showing an improved immune responses by feeding different sources of β-glucan (Li et al., 2006; Akramiene et al.,
2007; Shen et al., 2009; Vetvicka and Oliveira, 2014). There are two potential mechanisms related to those benefits based on the
observations in the current experiment. First, inclusion of β-glucan improved gut integrity by enhancing the mRNA expression of
tight junction proteins and reducing gut permeability of the jejunum. Second, supplementation of β-glucan enhanced immune re-
sponses of E. coli infected pigs, which would help pigs to recover sooner from diarrhea and E. coli infection.

The F18 E. coli infection was successfully achieved in the current experiment and mild diarrhea was observed for all pigs, which is
consistent with our previous research using a F18 E. coli challenge model in pigs (Song et al., 2012; Almeida et al., 2013; Liu et al.,
2013). The pathogenesis of F18 E. coli mainly relies on two major virulent factors: F18 fimbria and toxins (Nagy et al., 1997).
Fimbriae help bacteria adhere to the small intestinal epithelial cells. Then the colonized E. coli produce one or more enterotoxins,
such as heat-labile toxins, heat-stable toxins, or shiga toxins. In summary, heat-labile toxins could enhance gut permeability by
increasing chloride and water secretion and inhibiting of sodium and chloride absorption, heat-stable toxin b is mainly involved in
histological damage, whereas shiga toxins are highly corrected with systemic inflammation and remarkably increased immune cy-
tokines (Nagy and Fekete, 1999; Hasegawa and Shimonishi, 2005; Tarr et al., 2005). Inclusion of 108mg/kg of β-glucan reduced the
incidence of diarrhea in E. coli infected pigs. This observation is also in agreement with a previous published reports by Stuyven et al.
(2009), which indicated the antidiarrheal activity of yeast originated β-glucans in piglets. The reduced diarrhea is likely due to the
enhanced gut barrier function in pigs fed high dose β-glucan, as indicated by the improved mRNA expression of Claudin, Occludin, and
MUC2 in jejunal and ileal mucosa of E. coli infected pigs fed high dose β-glucan. Similar observations were reported in a chicken
study, in which yeast-derived β-glucan also increased the gene expression of tight junction proteins in chicken challenged with
Salmonella Typhimurium (Shao et al., 2013). Both mucins and tight junction proteins are critically important in maintaining gut
barrier function. Mucin 2 is the major core polypeptide of mucins interfacing with luminal contents, and it also plays an important
role in defense against inflammation (Hollingsworth and Swanson, 2004; Hansson, 2012). Our previous experiment has indicated
that F18 E. coli infection could reduce the mRNA expression ofMUC2 in ileal mucosa of weaned pigs (Liu et al., 2014). Tight junctions
are important junctional complexes in the epithelial cellular sheets, which are highly involved in the regulation of intermembrane
diffusion and paracellular diffusion of small molecules (Tsukita and Furuse, 1999). Several unique proteins, including ZO-1, occludin,
and claudin are critical in the maintenance of integrity and barrier function of tight junction (Furuse et al., 1993). Previous studies
reported that the reduction of tight junction protein expression is highly correlated with the increased gut permeability (Bruewer
et al., 2003), which further induce diarrhea in human and animals during a pathogenic bacterial infection (Hecht, 1995; Sears and
Kaper, 1996; Sawada et al., 2003). In the present experiment, the reduced gut permeability was also observed in E. coli challenged
pigs that were fed 108mg/kg of β-glucan. Therefore, results in the present study indicate that supplementation of β-glucan could
enhance gut barrier function, delay diarrhea of E. coli infected pigs, and then reduce diarrhea incidence of weaned pigs under disease
conditions. The detailed modes of action for the enhanced gut barrier function have to be explored in future research.

Total white blood cell counts are commonly used to estimate the severity of bacterial infection, and rapid increase in the number
of white blood cells led by presence of systemic inflammation (Gordon-Smith, 2009). Our previous research has confirmed that F18 E.
coli infection dramatically enhanced white blood cells and neutrophils on d 5 and 11 post-infection (Liu et al., 2013). In the current

Fig. 5. Relative mRNA abundance of COX2, IL1B, IL6, TNFA,MUC2, and Dectin in ileal mucosa of E. coli-challenged pigs fed diets supplemented with
algae-derived β-glucan on d 5 and 12 PI (post-inoculation). The low-dose β-glucan diet contained 54mg/kg β-glucan, whereas the high dose β-
glucan diet contained 108mg/kg β-glucan. Data were least squares means of 6 observations per treatment. a,bMeans without a common superscript
are different (P < 0.05).
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experiment, we observed that supplementation of β-glucan to E. coli infected pigs decreased white blood cells and neutrophils on d 8
PI, which indicates that β-glucan may alleviate the systemic inflammation caused by E. coli infection.

The ideal situation when a disease challenge arises would be a vigorous immune response, followed by a prompt reversion to
normal growth. In the current experiment, we investigated the two major subsets of T lymphocytes, CD4+ and CD8+ T cells due to
their important roles in cell-mediated immunity of weaned pigs (Ellmeier et al., 1999; Germain, 2002). Helper cells, CD4+ T cells,
assist to enhance adaptive immune system by activating cytotoxic T cells, macrophages, and other immune cells. Cytotoxic T cells,
CD8+ T cells, play a key role in identifying and destroying infected cells (Scott and Kaufmann, 1991; Miceli and Parnes, 1993). The
flow cytometry results in the current experiment show that inclusion of β-glucan to E. coli infected pigs increased both CD4+ and
CD8+ T cells, and the response of CD4+ T cells (at d 2 and 5 PI) appeared earlier than CD8+ T cells (d 5 and 12 PI). This observation
suggests that supplementation of β-glucan to E. coli-infected pigs enhanced adaptive immunity likely mediated by T cell activation,
which is consistent with previous published research from Wang et al. (2010) and Qi et al. (2011). These results suggest that
supplementation of β-glucan could activate T cell-mediated immunity and accelerate the recovery of weaned pigs from bacterial
infection.

Serum cortisol level is commonly used as an indicator of stress from various responses such as weaning and inflammation
(Widowski et al., 1989; Möstl and Palme, 2002). Haptoglobin is an acute phase protein that binds to free hemoglobin and inhibits
oxidative activities. Concentration of serum haptoglobin is also widely used as an indicator of diverse acute phase responses such as
viral or bacterial infection, inflammation, and other pathological reactions (Asai et al., 1999; Petersen et al., 2002). In the present
study, supplementation of β-glucan decreased serum cortisol on d 5, 8, and 12 PI and haptoglobin level on d 2 and 5 PI in E. coli
infected pigs. Those observations are in agreement with previous published researches, in which feeding β-glucans from different
origins reduced serum cortisol level in lipopolysaccharide challenged pigs (Mao et al., 2005; Vetvicka and Oliveira, 2014), broiler
chickens (Haldar et al., 2011), and fish (Cain et al., 2003). Inclusion of β-glucans was also reported to reduce serum haptoglobin
concentration in pigs challenged with Staphylococcus aureus (Dritz et al., 1995). The results of differential blood cell count and serum
inflammatory parameters indicate that supplementation of algae-derived β-glucan could enhance immune responses and alleviate
inflammation caused by E. coli infection.

Tumor necrosis factor-α, mainly produced by macrophages and neutrophils, is one of the most important pro-inflammatory
cytokines in response to bacterial infection. Serum TNF-α levels have been commonly used as a systemic inflammatory indicator for
humans and animals (Dinarello, 2000; Sommer and Kress, 2004; Grivennikov et al., 2005). Consistent with the results of white blood
cell counts, serum TNF-α level was also decreased by feeding β-glucan to E. coli infected pigs. It has been also reported that β-glucan
of different origins reduced serum TNF-α level in lipopolysaccharide challenged pigs (Li et al., 2006), mice (Soltys and Quinn, 1999),
and in vitro cell culture assays (Wakshull et al., 1999). Serum IL-10 is an anti-inflammatory cytokine that can regulate immune
responses against inflammation (Ouyang et al., 2011). In the current study, serum IL-10 was increased by feeding β-glucan to E. coli
infected pigs. These findings support that supplementation of β-glucan to E. coli infected pigs might alleviate inflammation caused by
E. coli infection.

The potential modes of action for immune modulation effects of β-glucan are still not fully understood, but many studies have
reported the involvement of Dectin receptor. Dectin, a major β-glucan receptor on several immune cells (e.g. macrophages), could
recognize and bind β-glucan from a variety of sources (Goodridge et al., 2009). This recognition plays important roles in intracellular
signaling, activating adaptive immune response, activating anti-microbial and anti-fungal activities, and maybe therefore enhancing
disease resistance (Brown et al., 2003; Taylor et al., 2007; Goodridge et al., 2009). In the present experiment, β-glucan supplements
up-regulated the mRNA expression of Dectin in both jejunal and ileal mucosa of E. coli infected pigs. It has also been observed that the
addition of β-glucan down-regulated the expression of several genes associated with inflammatory responses in ileal mucosa of
weaned pigs. These results indicate that the Dectin receptor may be involved in the reduced gut inflammation in E. coli-challenged
pigs fed with β-glucan.

Results of this experiment indicate that in feed supplementation of approximately 108mg/kg of algae-derived β-glucan alleviated
diarrhea of F18 E. coli infected pigs by enhancing gut integrity. Feeding algae-derived β-glucan also boosted host immune response
against E. coli infection. The β-glucan product stimulated T cell activation and reduced inflammation and, therefore, may accelerate
the recovery of pigs from E. coli infection. The results of this study indicate that supplementation of around 108mg/kg of β-glucan in
animal feed could improve gut barrier function and immunity of weaned pigs and reduce post-weaning diarrhea, which will promote
weaned pig health and increase profitability of pork producers as the use of antibiotics in feed is restricted.
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