Journal of Animal Science, 2020, Vol. 98, No. 10, 1-15

doi:10.1093/jas/skaa314

Advance Access publication September 21, 2020
Received: 12 August 2020 and Accepted: 16 September 2020
AMERICAN SOCIETY OF ANIMAL SCIENCE Animal Health and Well Being

ANIMAL HEALTH AND WELL BEING

Dietary osteopontin-enriched algal protein as
nutritional support in weaned pigs infected with

F18-fimbriated enterotoxigenic Escherichia coli

Brooke N. Smith," Melissa Hannas,* Catiane Orso,’ Simone M. M. K. Martins,?
Mei Wang,® Sharon M. Donovan,*! and Ryan N. Dilger,?

'Department of Animal Sciences, University of Illinois, Urbana, IL, {Department of Animal Science, Universidade Federal de
Vicosa, Minas Gerais, Brazil, IDepartment of Food Science and Human Nutrition, University of Illinois, Urbana, IL, *Division
of Nutritional Sciences, University of Illinois, Urbana, IL, "Neuroscience Program, University of Illinois, Urbana, IL

1Corresponding author: rdilger2@illinois.edu

ORCiD numbers: 0000-0003-0379-6633 (M. Wang); 0000-0003-2538-2845 (R. N. Dilger).

Abstract

This study investigated the effects of dietary osteopontin (OPN)-enriched algal protein on growth, immune status,

and fecal fermentation profiles of weaned pigs challenged with a live infection of F18-fimbriated enterotoxigenic

E. coli (ETEC). At 21 d of age, 54 pigs (5.95 + 0.28 kg BW; blocked by BW) were allotted to 1 of 3 experimental groups
combining dietary and health statuses. A control diet, containing 1% wild-type algal protein, was fed to both sham-
inoculated (NC) and ETEC-inoculated (PC) pigs, while the test diet contained 1% OPN-enriched algal protein as fed

only to ETEC-inoculated pigs (OA). All pigs received their assigned dietary treatment starting at study initiation to
permit a 10-d acclimation period prior to inoculation. Growth performance, fecal dry matter, as well as hematological,
histopathological, immune, and microbiota outcomes were analyzed by ANOVA, where treatment and time were
considered as fixed effects and pig as a random effect; significance was accepted at P < 0.05. Overall, ETEC-inoculated
pigs (PC and OA) exhibited decreased (P < 0.05) ADG and G:F, as well as increased (P < 0.05) peripheral blood helper
T-cells and total leukocyte counts, compared with NC pigs during the postinoculation period. The OA treatment also
elicited the highest (P < 0.05) concentrations of circulating tumor necrosis factor-a and volatile fatty acid concentrations
in luminal contents at various postinoculation time-points, compared with other treatments. A principal coordinate
analysis based on Unifrac weighted distances indicated that NC and OA groups had similar overall bacterial community
structures, while PC pigs exhibited greater diversity, but infection status had no impact on a-diversity. Osteopontin-
specific effects on microbial community structure included enrichment within Streptococcus and Blautia genera and
decreased abundance of 12 other genera as compared with PC pigs. Overall, ETEC-infected pigs receiving 1% OPN-
enriched algal protein exhibited changes immunity, inflammatory status, and colonic microbial community structure
that may benefit weanling pigs experiencing F18 ETEC infection.
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Abbreviations

ADFI average daily feed intake

ADG average daily gain

BAND immature band neutrophil

BASO basophil

BCFA branched chain fatty acid

BW body weight

DPI days post-inoculation

DM dry matter

ETEC enterotoxigenic E. coli

GF feed efficiency (gain-to-feed ratio)

HCT hematocrit

HGB hemoglobin

IFN interferon (-a or -y)

L interleukin (1p, -4, -8, or -10)

LYMPH lymphocyte

MCH mean corpuscular hemoglobin

MCHC mean corpuscular hemoglobin
concentrations

MCV erythrocyte cell volume

MONO monocyte

NEU neutrophil

OPN osteopontin

OTU operational taxonomic unit

PCoA principal co-ordinate analysis

PCR polymerase chain reaction

PERMANOVA permutational multivariate analysis
of variance

RBC red blood cell

SCFA short chain fatty acid

TNF-a tumor necrosis factor-a

VFA volatile fatty acid
WBC white blood cell

Introduction

In commercial swine production systems, newly weaned pigs may
experience subclinical or clinical disease challenges that stimulate
an inflammatory response and compromise growth performance
and animal well-being. Enterotoxigenic Escherichia coli (ETEC) is
a common enteric infectious pathogen that causes diarrhea in
weaned piglets (Fekete et al., 2002). With shifts in the U.S. swine
industry to more judicious use of broad-spectrum antibiotics, there
is a need to develop strategies for supporting the health and well-
being of pigs when faced with common pathogens, and nutritional
solutions are attractive in being both practical and cost-effective
(Suchner et al., 2000; Le Floc’h et al., 2006).

The use of algae biomass and algae-derived compounds in
human and animal nutrition has shown promise as a source of
vitamins, essential amino acids, polyunsaturated fatty acids,
minerals, carotenoids, enzymes, and even compounds with
fiber-like properties (Wells et al., 2017). Additionally, algae-
based ingredients have also been proven to benefit the immune
response by altering inflammatory processes during times of
challenge (Caporgno and Mathys, 2018). More specifically, the
green algae, Chlamydomonas reinhardtii, has served as a model
commercial eukaryotic system that can be genetically altered
to allow for recombinant expression of proteins, including that
of osteopontin (OPN; Specht et al., 2010; Ravi et al., 2018). As
secreted from multiple cell types and found in colostrum, OPN is
a glycoprotein that serves as a key mediator of recruitment and
retention of macrophages and T-cells to sites of inflammation
(Mazzalietal.,2002) andis also essential for efficient development

of Th1-mediated immune responses (Rollo et al., 2005). In vivo,
enterocytes exposed to antigens of microbial origin exhibited
increased OPN expression as a response to infection (van der
Windt et al., 2011; Chagan-Yasutan et al., 2014). Studies involving
fecal microbial profiling of OPN-deficient mice also confirm this
expressed protein likely contributes to the maintenance of
commensal bacterial communities (Ito et al., 2017).

Considering the dynamic relationship between the
microbiota and host, disruption of bacterial community structure
via the presence of enteric pathogens has profound influence
on the host’s growth performance, immune response, and
susceptibility to gastrointestinal disorders such as postweaning
diarrhea, which are key points for animal agriculture. Therefore,
the objectives of this study were to determine the effects of an
OPN-enriched algae protein-containing ingredient on growth
performance, immunity, and microbiota outcomes in newly
weaned pigs exposed to an F18-fimbriated ETEC challenge.

Materials and Methods

The protocol for this experiment was approved by the
Institutional Animal Care and Use Committee and the
Institutional Biosafety Committee of the University of Illinois at
Urbana-Champaign.

Animal husbandry and experimental design

Atweaning (21 d of age), 54 barrows [5.95 + 0.28 kg body weight (BW)]
were obtained from a commercial herd (1050 Cambro genetics;
Carthage Veterinary Service, Ltd., Carthage, IL) confirmed to be
negative for both porcine reproductive and respiratory syndrome
virus and porcine epidemic diarrhea virus, and group-housed at the
Innovative Swine Solutions Veterinary Research Facility, a Biosafety
Level 2 production containment facility located near Champaign, IL.
The containment facility consisted of 4 isolated production rooms
(9.1 m x 4.3 m) each containing 4 pens capable of housing 9 pigs per
pen. Each room was equipped with a high-efficiency particulate air
filtration system, plastic slotted flooring, and provided appropriate
floor space for nursery pigs. Lighting and ambient temperature
were maintained as appropriate for life stage.

Following transportation to the biocontainment facility, pigs
were individually weighed, identified with a unique ear tag,
and allotted to 1 of 3 uniform treatment groups based on BW.
The 3 experimental treatment groups used in this experiment
were comprised of two experimental diets and two states
of infection (Table 1). Both diets were formulated to meet all
nutrient recommendations for nursery pigs (NRC, 2012), with
dietary treatments formulated to be isocaloric, isonitrogenous,
and contain equal standardized ileal digestible amino acid
concentrations (Table 2). The control diet, containing 1% wild-
type algal protein, was fed to both sham-inoculated (NC) and
ETEC-challenged (PC) pigs, while the test diet, containing 1% of
an OPN-enriched algal protein (OA; Ravi et al., 2018), was only
fed to ETEC-challenged pigs.

Table 1. Experimental treatment groups

Treatment Dietary treatment* Infection status
NC 1.0% wild-type algal protein Uninfected
PC 1.0% wild-type algal protein Infected

OA 1.0% OPN-enriched algal protein Infected

Percent inclusion of algal protein ingredient is expressed on a total
mixed diet basis.



Table 2. Ingredient and calculated composition of experimental
diets (as-fed basis)*

Dietary treatment

Item Control Test

Ingredient, %

Corn 48.5 48.5
SBM 20.0 20.0
Dried whey 17.2 17.2
Fish meal 10.0 10.0
Choice white grease 1.50 1.50
Ground limestone 0.50 0.50
Sodium chloride 0.50 0.50
Vitamin and mineral premix? 0.30 0.30
Choline chloride 0.07 0.07
L-Lys HCl 0.25 0.25
DL-Met 0.05 0.05
L-Thr 0.05 0.05
L-Trp 0.04 0.04
Wild-type algal protein 1.00 —
Osteopontin-enriched algal protein — 1.00
Calculated composition®
ME, kcal/kg 3,389 3,389
CP, % 22.3 22.3
SID amino acids, %
Lys 1.51 1.51
Met + Cys 0.78 0.78
Trp 0.27 0.27
Thr 0.85 0.85
Val 0.96 0.96

1All pigs received allotted treatment diet upon starting -10 DPIL.
Abbreviations: DPI, day postinoculation; WA, wild-type algal protein
(i.e., control diet); OA, OPN-type algal protein (i.e., test diet); SID,
standardized ileal digestibility.

2Vitamin-mineral premix (JBS United, Sheridan, IN) included the
following per kilogram complete diet: Vitamin A (retinyl acetate),
11,128 IU; Vitamin D3 (cholecalciferol), 2,204 1U; vitamin E (DL-a
tocopheryl acetate), 66 IU; vitamin K (menadione nicotinamide
bisulfite), 1.42 mg; thiamine (thiamine mononitrate), 0.24 mg;
riboflavin, 6.58 mg; pyridoxine (pyridoxine hydrochloride), 0.24 mg;
vitamin B12, 0.03 mg; b-pantothenic acid (p-calcium pantothenate),
23.5 mg; niacin (nicotinamide and nicotinic acid), 44 mg; folic acid,
1.58 mg; biotin, 0.44 mg; Cu (copper sulfate), 10 mg; Fe (iron sulfate),
125 mg; I (potassium iodate), 1.26 mg; Mn (manganese sulfate),

60 mg; Se (sodium selenite), 0.3 mg; and Zn (zinc oxide), 100 mg.
3Metabolizable energy and standardized ileal digestible (SID) amino
acid values were calculated using NRC (2012). Analyzed crude
protein determined as total nitrogen x 6.25.

Experimental diets were fed in a single feeding phase
to reduce confounds associated with a diet switch around
the time of inoculation. Pigs were started on their assigned
dietary treatment upon arrival at the animal facility and had
10 d of acclimation prior to inoculation with ETEC as further
described below. Overall, 18 individual pigs were assigned to
each treatment group as housed in 2 pens per treatment. Each
treatment group involving challenged pigs was represented
only once per room (1 pen of 9 pigs), while the negative control
treatment (sham inoculated) was represented by 2 pens in an
isolated room to maintain biosecurity.

Enterotoxigenic E. coli challenge

Following a 10-d acclimation to the diets and facility, pigs
were orally inoculated on each of 3 consecutive days [i.e., 0-2
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d postinoculation (DPI)] with either 3 mL of sterile phosphate-
buffered saline (sham-control) or a live culture of a pathogenic
F18-fimbriated enterotoxigenic E. coli strain (10'° CFU ETEC/3-mL
dose, isolate number UI-VDL 05-27242, Dr. Carol Maddox, College
of Veterinary Medicine, University of Illinois, Urbana, IL). In
aligning experimental treatment groups and infection status,
only the NC group remained uninfected throughout the study
duration.

Growth performance

Growth performance was collected on a pen basis (n = 2 per
treatment). Individual pig and feeder weights were captured at
-10, 0, and 9 DPI to allow for the calculation of average daily
gain (ADG), average daily feed intake (ADFI), and feed efficiency
(gain to feed, G:F). Growth performance data are reported in
reference to the inoculation schedule (-10 to 9 DPI). It should be
noted that growth performance was not a primary outcome and
the study was not adequately powered to permit interpretation
of growth performance parameters; emphasis is placed on
other outcomes that were captured using individual pig as the
experimental unit.

Blood collection and analyses

Whole blood (up to 8 mL total) was collected from the jugular vein
of up to 4 pigs per pen (n = 8 pigs per treatment with the same
pigs collected when possible) into evacuated tubes containing
EDTA as an anticoagulant (BD, Franklin Lakes, NJ) at 0, 7, and
10 DPI. Following collection, blood samples were immediately
placed on ice and subsequently submitted to the University of
lllinois College of Veterinary Medicine Clinical Pathology Lab
for quantitation of complete blood cell counts and differential
analyses using a multi-parameter, automated hematology
analyzer (CELL-DYN 3700, Abbott Laboratories, Abbott Park, IL).
Additional whole blood collected at 7 DPI was used to perform
a T-cell immunophenotyping procedure via flow cytometry as
detailed below.

Serum samples were collected into evacuated serum tubes,
allowed to clot at room temperature for 30 to 60 min, and
centrifuged at 1,300 x g for 15 min at 20 °C. Serum was removed
from centrifuged samples and stored in 0.5 mL aliquots at-80 °C,
pending subsequent analyses. A single aliquot was utilized for
detection of serum concentrations of cytokines, including tumor
necrosis factor-o. (TNF-a), interferon-y (IFN-y), interleukin-18
(IL-1B), interleukin-10 (IL-10), interleukin-8 (IL-8), interferon-a
(IFN-a), and interleukin-4 (IL-4), measured at 0, 7, and 10 DPI
using the Swine Cytokine Magnetic 7-Plex Panel according
to manufacturer instructions (Novex by Life Technologies,
Frederick, MD).

T-cell immunophenotyping

Whole blood collected on 7 DPI was used for isolation
of peripheral blood mononuclear cells for a T-cell
immunophenotyping procedure using flow cytometry. In brief,
peripheral blood mononuclear cells were isolated by placing
individual whole blood samples over a density gradient
[SepMate 15 (IVD) and Lymphoprep, StemCell Technologies,
Cambridge, MA] and centrifuging at 1,200 x g for 25 min at
20 °C. Isolated cells were then washed with phosphate-
buffered saline containing 2% fetal bovine serum before
being counted using the Moxi Z Mini Automated Cell Counter
(ORFLO Technologies, Ketchum, ID). Individual samples
were prepared with 1.0 x 10° cells and labeled with external
fluorescent antibodies against cell surface markers CD3 (FITC



4 | Journal of Animal Science, 2020, Vol. 98, No. 10

mouse anti-pig CD3¢, BD Pharmingen, San Jose, CA), CD4
(Alexa Fluor 647 mouse anti-pig CD4a, BD Pharmingen), and
CD8 (PE mouse anti-pig CD8b, BD Pharmingen). Following the
application of external antibodies for 45 min, cells were fixed
using 4% paraformaldehyde solution for 20 min. Prepared,
labeled cells were evaluated at the University of Illinois Flow
Cytometry Facility using a BD LSR II Flow Cytometry Analyzer
(BD Biosciences), and flow cytometer outputs were analyzed
using FCS Express 5 Plus (De Novo Software, Glendale, CA).

To summarize our analysis and gating procedures, recorded
cellular events were plotted by density using forward and side
scatter areas on the y- and x-axes, respectively, to exclude dead
cells and cellular debris and allow for the selection of lymphocyte
cells based on size. A single gate was applied to the lymphocyte
population, the content of which was then plotted by density
using forward scatter width and side scatter on the y- and x-axes,
respectively, to allow for the gating and analysis of single cell
events within our lymphocyte population only. Utilizing single
cellular events within our lymphocyte population, single-stain
control samples were used to set our detection thresholds for
each individual fluorochrome and creation of a CD3+ gate. Gated
on CD3+ lymphocytes, a final density plot using our CD8+ and
CD4+ fluorochrome channels on the y- and x-axes, respectively,
was created and our individual fluorochrome detection levels
were used to apply quadrants to the density plot. Statistics from
each quadrant were then used for our individual effector T-cell
proportions (e.g., helper T-cells and CD3+/CD4+). Once relative
T-cell populations had been generated, the ratio of helper-to-
cytotoxic T-cells was calculated at each study time-point as a
clinical indicator of immune status.

Intestinal tissues and contents

On the terminal day of the study, 10 DPI, 2.5 to 5 cm sections
of the ileum, ascending colon, and descending colon were
collected from up to 4 pigs per pen (8 pigs per treatment) and
preserved in 10% neutral buffered formalin for histological
analyses of mucosal surface morphology by a board-certified
veterinary histologist (Veterinary Diagnostic Pathology, LLC,
Fort Valley, VA). Histologic evaluations utilized were 5-pum
hematoxylin and eosin-stained sections prepared from
formalized samples. Microscopic examinations included
semi-quantitative severity scoring of histopathology lesions
and microscopic histologic features. A 5-level severity scoring
system was employed in which: 0 = absent, 1 = minimal,
2 = mild, 3 = moderate, 4 = marked, and 5 = severe. When
uncertainty existed between scoring groups in assigning a
value, half values were given. Morphometric measurements
of the ileal villus heights and crypt depths were also made
and the villus:crypt ratios were then calculated. A single
measurement for each determination was made in micrometer
for an estimated average length or height. All evaluations
were made in a blinded fashion without the histopathologist
having knowledge of study time-point, pig age, treatment
assignment, or study management practices that had been
employed.

Following collection of intestinal tissue sections, ascending
colon contents were collected from the same sections of
each pig by expressing them into a clean plastic weigh boat
and aliquoted into several separate samplings prior to flash
freezing in liquid nitrogen. Samples from the ascending
colon were used for analyses of volatile chain fatty acid (VFA)
concentrations and bacterial composition and the ascending
colon microbiota, for which procedures are described in the
following sections.

Fecal outcomes

Fecal samples were collected from up to 6 pigs per pen (n = 12
pigs per treatment, same pigs collected when possible) at both
0 and 7 DPI using either a sterile cotton swab or a fecal loop.
Individual sterile swabs were utilized for each animal, but
in the event that a fecal loop was required for collection the
loop was cleaned with a 70% ethanol solution between pigs.
A small amount of feces was separated and submitted to the
University of Illinois College of Veterinary Medicine Veterinary
Diagnostic lab for total bacteria, total E. coli, and F18-fimbriated
E. coli enumeration via quantitative real-time polymerase
chain reaction (PCR). Total nucleic acid was extracted from 100
to 120 mg of fecal material using a Biosprint 96 Work Station
(Qiagen, Hayward, CA). Fecal samples were resuspended in
500 pL of RNEasy lysis buffer and vortexed for 15 s to produce
homogeneous mixtures. Then, 100 pL of this mixture was
processed according to manufacturer’'s recommendations using
the One-For-All-Vet Kit (Qiagen), and nucleic acids were eluted
in 75 pL of elution buffer.

Total bacteria, total E. coli, and F18-fimbriated E. coli
were quantified by PCR using the rrs, gadAB, and fedA genes,
respectively. Quantitative real-time PCR was performed on an
Eppendorf Mastercycler ep Realplex System (Eppendorf North
America, Westbury Road, NY). The reaction mixture contained
1x Quanta PerfeCTa SYBR Green Supermix (Quanta Biosciences,
Gaithersberg, MD 2087); 0.3 uM each of the forward and reverse
primers (gadAB and rrs) or 0.625 pM of primers for fedA, and 1 pL
of DNA in a total volume of 20 pL. The challenge E. coli strain
used for inoculating pigs in the infected treatments served as
a positive control. A separate fecal sample was collected at 7
DPI for in-house analyses of fecal DM as a measure of clinical
response to ETEC infection.

Volatile fatty acids

Ascending colon contents and fecal samples collected at 10
DPI were thawed, weighed (100 mg each), and acidified with
an equal volume of 2 N HCl or 6.25% m-phosphoric acid,
respectively, and subsequently sonicated and stored overnight
at —20 °C. Samples were then thawed and centrifuged for 10 min
at 16,500 x g, and the supernatant was collected for analysis via
gas chromatography. All samples were assessed as previously
described (Smiricky-Tjardes et al., 2003) for VFA, which were
further divided into short chain fatty acids (SCFA; i.e., acetate,
propionate, and butyrate) and branched chain fatty acids (BCFA,;
i.e.,, valerate, isovalerate, and isobutyrate). Acetic, propionic,
n-butyric, valeric, isovaleric, and isobutyric acid solutions were
used as standards (Sigma-Aldrich, St. Louis, MO) to quantify
individual VFA concentrations.

Microbiota outcomes

DNA was isolated from ascending colon contents collected at 10
DPI using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia,
CA) in combination with bead beating on the FastPrep-24
System (MP Biomedicals, Carlsbad, CA) as previously described
(Reznikov et al. 2018). PCR amplification and sequencing of
the V3-V4 region of 16S rRNA genes were performed at the
University of Illinois DNA Services Lab using primers V3f
(5-CCTACGGGAGGCAGCAG-3) and V4r (5-GGACTACHVGGG
TWTCTAAT-3) and an Illumina MiSeq flow cell with a MiSeq
Reagent Nano Kit version 2 (2 x 250 nt paired end reads) as
described previously (Monaco et al., 2018).

Sequences were processed and visualized using QIIME
2 pipeline (Bolyen et al.,, 2019). Paired-end reads obtained



from the sequencing facility were imported into QIIME 2
and demultiplexed using the plugin demux with emp-paired
method. Demultiplexed reads were primer removed, chimera
checked, and dereplicated using command DADA2 denoise-
paired (Callahan et al., 2019). A feature table, representing
the counts of exact sequence variants for each sample, was
generated, and representative sequences were picked from
each feature. The representative sequences were aligned
with mafft (Katoh and Standley, 2013), and the alignment
was filtered to remove unconserved and gapped columns
with the use of mask (Lane, 1991). The phylogenetic tree was
constructed from filtered alignment via fasttree (Price et al,,
2010). Alpha diversity and UniFrac distance metrics were
computed through the plugin diversity with the core metrics-
phylogenetic method on the feature table and phylogenetic
tree. Samples were rarefied to an equal number of reads (24
630) when a-diversity and UniFrac distance metrics were
calculated.

For taxonomic analysis, the feature table was filtered to
remove features that presented in <10% of samples and with
abundances <10. Taxonomic assignment to features was
performed using plugin feature-classifier with classify sklearn
method (Pedregosa et al.,, 2011) in which a pretrained Naive-
Bayes classifier with SILVA 132 99% operational taxonomic
units (OTU) from V3-V4 regions of sequences was used (https://
www.arb-silva.de/; Quast et al., 2013). Taxonomic bar plots were
generated using the plugin taxa with the taxa barplot method.
The bar plots were visualized and count table at genus level was
downloaded using QIMME 2 View (https://view.qiime2.org/) for
differential abundance analysis.

Statistical analyses

For all data excluding microbiome outcomes, statistical analysis
was dependent on whether outcomes were measured at a
single time-point [1-way analysis of variance (ANOVA)] or at
multiple time-points (two-way ANOVA) for the same subject.
Individual pig served as the experimental unit for all fecal,
blood, histological, and immune outcomes (n = 18 pigs per
treatment). For growth performance outcomes, pen served as
the experimental unit (n = 2 pens per treatment), but the study
design was not powered to consider growth performance as a
primary outcome. As such, growth performance data are merely
shown for reference as pigs were raised under conditions
mimicking group housing in a commercial setting.

For all single time-point outcomes, a 1-way ANOVA was
conducted using the MIXED procedure of SAS (v. 6.1; SAS
Institute, Inc., Cary, NC). For repeated measures, a 2-way ANOVA
including the effect of time sliced by DPI was conducted for
all outcomes involving samples collected from the same
subject at multiple time-points. When a model was found to be
significant, means separation was conducted and least-square
means and their associated standard errors of the mean (SEM)
were generated. In all cases, outliers were identified as having
an absolute Studentized residual value of 3 or greater, and
statistical significance was considered at P < 0.05.

For microbiota outcomes, two planned contrasts (i.e.,
pairwise comparisons) were used: (1) NC vs. PC to assess
the effects of F18 ETEC infection and (2) PC vs. OA to assess
the effect of algal protein source when consumed by ETEC
challenged pigs. 3-Diversity (i.e., difference between samples)
was evaluated with plugins in QIIME2 (Bolyen et al., 2019).
Principal co-ordinate analysis (PCoA) was performed on
weighted UniFrac distance matrices using plugin diversity
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with the diversity PCoA method. The PCoA plot was visualized
by plugin emperor. The group significance in B-diversity was
statistical confirmed by permutational multivariate analysis
of variance (PERMANOVA) as implemented in plugin diversity.
a-Diversity was analyzed using the PROC MIXED procedure of
SAS (version 9.4, SAS Institute) with infection or algal protein
as a fixed effect. For differential abundance analysis, counts of
bacterial genera were tested using a negative binomial Wald
test implemented in the DESeq2 package of R (Love et al,,
2014). Data are reported as means = SEM or log, fold change.
For o- and f-diversity analysis, statistical significance was
defined as P < 0.05. When examining differential abundance of
genera, P-values were adjusted (P_;) for multiple testing by the
Benjamini-Hochberg procedure and a P_; < 0.1 was considered
statistically significant.

Results

Clinical blood indicators

There were no differences between experimental treatments
for any erythrogram outcomes at 0 DPI (Table 3). At 7 DPI, PC
elicited the greatest (P < 0.05) RBC count and mean corpuscular
hemoglobin concentrations (MCHC) compared with the other
treatments. Compared with the NC, ETEC infection (both PC
and OA) elicited decreased (P < 0.05) erythrocyte cell volume
(MCV) and mean corpuscular hemoglobin (MCH). At 10 DPI, PC
again had the highest (P < 0.05) MCHC compared with other
treatments and ETEC infection decreased (P < 0.05) MCV and
MCH when comparing NC with either PC or OA treatments.
In terms of leukocyte outcomes, OA pigs exhibited increased
(P < 0.05) WBC counts relative to NC pigs at 10 DPI, while PC pigs
were intermediate (Figure 1). Only minimal differences were
observed for WBC and relative proportions of circulating WBC
sub-populations across the other experimental time-points
(Supplementary Table 1).

Serum cytokines

In general, more than 90% of serum samples analyzed at each
time-point had IL-1p, IL-10, IFN-vy, and IL-4, concentrations that
were below the detectable limit of each assay, and thus, results
for these cytokines are not presented. Additionally, TNF-a
concentrations were below the detectable limit for more than
90% of serum samples collected at 0 or 7 DPI, so data for these
time-points are also not shown. There were no differences
(P > 0.05) in the concentrations of IFN-a or IL-8 between
experimental treatments at 0 or 7 DPI (Table 4). However, at 10
DPI, OA pigs exhibited the highest (P < 0.05) concentration of
TNF-o compared with other treatments, but no differences were
observed for IFN-a or IL-8.

T-cell immunophenotyping

While there were no differences (P > 0.05) in the total proportion
of circulating mature T-cells (i.e., CD3+ cells; Figure 2),
ETEC infection increased (P < 0.05) the relative proportion
of circulating helper T-cells (i.e., CD3+/CD4+ cells) when
comparing NC to either PC or OA treatments. Additionally, the
PC treatment elicited the lowest (P < 0.05) relative proportion
of circulating cytotoxic T-cells (i.e., CD3+/CD8+ cells) compared
with other treatments, which resulted in the highest (P < 0.05)
helper:cytotoxic T-cell ratio. Additional information regarding
T-cellimmunophenotyping data can be found in Supplementary
Table 2.
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Table 3. Effects of dietary algal protein supplementation and ETEC infection on erythrogram parameters in weanling pigs*

Uninfected ETEC-infected Model P-value
Item NC PC OA SEM DPI x TRT
DPIO
RBC, x10° cells/pL 6.41 6.65 6.56 0.124 0.375
HGB, g/dL 12.5 125 12.5 0.248 0.989
HCT, % 39.1 39.1 38.9 0.741 0.955
MCV, fl 61.0 58.8 59.3 0.735 0.089
MCH, pg 19.5 18.7 19.0 0.249 0.093
MCHC, g/dL 32.0 31.8 321 0.161 0.511
DPI7
RBC, x10° cells/pL 5.95P 6.32° 5.90° 0.143 0.049
HGB, g/dL 114 11.5 10.8 0.287 0.180
HCT, % 36.2 353 33.8 0.855 0.125
MCV, fl 60.9° 56.0° 57.4° 0.848 <0.001
MCH, pg 19.12 18.2° 18.3° 0.288 0.034
MCHC, g/dL 31.4¢ 32.5° 32.0° 0.186 <0.001
DPI 10
RBC, x10° cells/pL 5.57 5.93 5.56 0.157 0.134
HGB, g/dL 10.6 10.3 9.99 0.314 0.390
HCT, % 34.3 324 321 0.937 0.137
MCV, fl 59.32 55.7° 57.7° 0.929 <0.001
MCH, pg 18.9¢ 17.70 18.0b 0.315 0.005
MCHC, g/dL 30.8° 31.82 31.1° 0.203 0.002

Values represent least square means of 4 to 8 pigs per treatment. All pigs were started on their assigned dietary treatment starting at -10
DPI. Experimental treatments: NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-
type algal protein; OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein. Abbreviations: ETEC, enterotoxigenic E. coli; DPI = days
postinoculation; TRT, treatment; RBC, red blood cell; HGB, hemoglobin; HCT, hematocrit; MCV, mean cell volume; MCH, mean corpuscular

hemoglobin; MCHC, mean corpuscular hemoglobin concentration.

aMeans without a common superscript letter within a single time-point differ (P < 0.05).
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Figure 1. Effects of dietary algal protein supplementation and F18-fimbriated
ETEC infection on white blood cell counts of whole blood collected from
weanling pigs collected at 0, 7, and 10 DPI. Means without a common superscript
letter differ (P < 0.05). Values represent least square means of 4 to 8 pigs per
treatment. All pigs were started on their assigned dietary treatment starting
at —10 DPI. Experimental treatments: NC, sham-inoculated pigs receiving 1.0%
wild-type algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-type algal
protein; OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein.
Abbreviations: ETEC, enterotoxigenic E. coli; DPI, days postinoculation; TRT,
treatment; WBC, white blood cells.

Growth performance

Whereas this study was not designed to evaluate growth
performance as a primary outcome, data are presented to

provide context for the degree to which dietary and immune
challenge treatments affected the growth of weanling pigs
(Table 5). During the pre-inoculation period (-10 to 0 DPI; i.e,,
while pigs were receiving assigned diets but before ETEC
challenge), no differences were observed in individual pig BW
or pen ADG, ADF], or G:F outcomes. During the post-inoculation
period (0 to 9 DPI) and over the entire study (-10 to 9 DPI), ETEC
infection resulted in decreased ADG and G:F when comparing
NC pigs with either PC or OA pigs, which is why ETEC-challenged
pigs exhibited decreased (P < 0.05) final BW compared with
NC pigs. However, there were never differences noted for any
growth performance outcomes between PC and OA treatments.

Fecal PCR bacterial profiling

No pigs had detectable expression of the F18 gene fecal samples
at 0 DPI (i.e., before inoculation procedures had commenced,
Table 6). Pigs assigned to the PC treatment expressed the highest
(P < 0.05) fecal total bacterial expression (as demonstrated by
a lower Ct value) compared with other treatments at 0 DPI,
though this effect did not continue thereafter. At 7 DPI, ETEC
infection increased (P < 0.05) fecal total E. coli expression when
comparing NC with PC or OA treatments. Moreover, fecal F18
E. coli expression remained undetectable in NC pigs at 7 DPI,
while F18 E. coli expression was increased (P < 0.05) in both
ETEC-inoculated treatments at this time-point when compared
with the NC treatment.

Fecal dry matter

Fecal DM content at 0 and 7 DPI was quantified as an objective
measure of fecal consistency in lieu of fecal scoring. Fecal
DM content was highest (P < 0.05) in pigs assigned to the NC
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Table 4. Effects of dietary algal protein supplementation and ETEC infection on serum inflammatory cytokine concentrations (pg/mL) in

weanling pigs?
Uninfected ETEC-infected Model P-value
Item? NC PC OA SEM DPI x TRT
0 DPI
IFN-a 4.72 10.4 6.52 19.5 0.972
TNF-a — — —_ —_ —
IL-8 164 171 206 80.9 0.905
7 DPI
IFN-a 28.0 29.7 18.5 19.5 0.853
TNEF-a — e — — e
IL-8 215 387 304 99.0 0.232
10 DPI
IFN-a 53.9 68.5 50.4 15.9 0.628
TNF-a 107° 138° 3322 65.3 0.044
IL-8 143 144 139 99.0 0.999

Values represent least square means of 2 to 8 pigs per treatment. All pigs were started on their assigned dietary treatment starting at -10 DPI.
Experimental treatments: NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-type

algal protein; OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein. Abbreviations: ETEC, enterotoxigenic E. coli; DPI, days post-

inoculation; TRT, treatment; IFN-q, interferon alpha; TNF-q, tumor necrosis factor alpha; IL-8, interleukin 8, ND, non-detectable.

“More than 90% of serum samples analyzed at 0 and 7 DPI were below the assay detectable limit for TNF-a and were excluded from the

analysis (missing data denoted by ‘-).
®Means without a common superscript letter differ (P < 0.05).

Helper:Cytotoxic T-cell Ratio at 7 DPI
2.5+

2.0~
1.5+
1.0+

0.5+

0.0-

NC PC OA

Figure 2. Effects of dietary algal protein supplementation and F18-fimbriated
ETEC infection on the ratio of peripheral blood helper-to-cytotoxic T-cells
in weanling pigs at 7 DPL. Means without a common superscript letter differ
(P < 0.05). Values represent least square means of 6 to 8 pigs per treatment.
All pigs were started on their assigned dietary treatment starting at —10 DPI.
Experimental treatments: NC, sham-inoculated pigs receiving 1.0% wild-type
algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-type algal protein;
OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein. Helper
T-cells are the percent of total CD3-positive lymphocytes that are also positive
for cell-surface marker CD4 (CD3+/CD4+). Cytotoxic T-cells are the percent of
total CD3-positive lymphocytes that are also positive for cell-surface marker
CD8 (CD3+/CD8+). Abbreviations: ETEC, enterotoxigenic E. coli; DPI, days
postinoculation; TRT, treatment.

treatment, with OA pigs exhibiting the lowest DM content and
PC pigs being intermediate (Figure 3). Anecdotally, pigs from
ETEC-inoculated treatments had obvious signs of diarrhea
throughout the post-inoculation period, though this could

not be quantified on an individual basis due to group housing
of pigs. With that in mind, we speculate that fecal sampling
earlier in the postinoculation period may have been needed to
elucidate more pronounced differences between noninfected
and infected pigs.

Intestinal tissue histopathology

Across all histomorphology measures, there were no effects of
experimental treatment observed (Supplementary Table 3).

Ascending colon luminal contents

In general, OA pigs exhibited ascending colon DM concentrations
that were roughly half (P < 0.05) those observed for NC and PC
pigs (Figure 4). Additionally, OA pigs exhibited the highest total
concentrations of SCFA and BCFA compared with either the
NC or PC treatments, which was a reflection of individual VFA
components (Supplementary Table 4).

Microbiota analyses of ascending colon contents

Mlumina sequencing of 16S rRNA amplicons of V3-V4 region
yielded 1.86 million paired-end reads (92,849 + 9676 reads
per sample) across all samples analyzed. After assembling of
paired-end reads, quality filtering, and removing of singletons,
911,939 sequences (49,597 + 4,526 reads per sample) were
utilized for further analysis. PCoA of weighted UniFrac distances
generated from ascending colon contents are shown in Figure 5.
PERMANOVA analysis revealed both F18 ETEC infection (NC
vs. PC; P = 0.003) and dietary algal protein source (PC vs. OA;
P = 0.015) influenced overall bacterial community structures.
Compared with NC pigs, 6 bacterial genera were increased, and
7 were decreased in PC pigs (P, < 0.1; Table 7). Abundances
of 2 genera were increased and 12 were decreased in OA pigs
compared with PC pigs (P, < 0.1; Table 8). However, neither ETEC
infection nor dietary algal protein source influenced a-diversity
outcomes (Table 9), though OA pigs exhibited a lower (P = 0.033)
Shannon index compared with PC pigs.


http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skaa314#supplementary-data
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8 | Journal of Animal Science, 2020, Vol. 98, No. 10

Table 5. Effects of dietary algal protein supplementation and ETEC infection on BW and growth performance of weanling pigs*

Uninfected ETEC-infected Model P-value
Item NC PC OA SEM DPI x TRT
BW, kg
DPI-10 5.98 5.97 5.90 0.281 0.977
DPIO 7.14 7.16 7.37 0.281 0.814
DPI 9 11.82 8.71° 9.320 0.359 <0.001
—-10 to 0 DPI
ADFI, g/d 542 531 525 11.2 0.593
ADG, g/d 116 118 147 26.3 0.696
G, g/kg 0.21 0.22 0.28 0.06 0.681
0 to 9 DPI
ADFI, g/d 595 636 733 27.7 0.128
ADG, g/d 4582 202° 276° 27.8 0.043
GF, g/kg 0.772 0.32° 0.38° 0.04 0.022
—-10 to 9 DPI
ADFI, g/d 404 424 469 13.3 0.130
ADG, g/d 2918 160 1940 8.54 0.016
GF, g/kg 0.722 0.38° 0.41° 0.01 0.005

Values represent least square means of 10 to 18 pigs per treatment. Pigs were removed from analysis for ADG, ADFI, and G:F if their BW
measurement was deemed as a statistical outlier. All pigs were started on their assigned dietary treatment starting at -10 DPI. Experimental
treatments: NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-type algal protein;
OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein. Abbreviations: ETEC, enterotoxigenic E. coli; DPI, days postinoculation;
TRT, treatment; ADG, average daily gain; ADFI, average daily feed intake; G:F, feed efficiency.

®Means without a common superscript letter differ (P < 0.05).

Table 6. Effects of dietary algal protein supplementation and ETEC infection on prevalence of fecal bacterial gene expression (raw Ct values)

in weanling pigs®

Uninfected ETEC-infected Model P-value®

Item? NC PC OA SEM DPI x TRT
DPIO

Total bacteria (rrs) 13.75% 12.21° 13.64% 0.37 0.001

Total E. coli (gadAB) 35.64 36.68 32.96 1.34 0.151

F18 ETEC (fedA) ND ND ND — —
DPI 7

Total bacteria (rrs) 13.64 13.53 12.98 0.43 0.468

Total E. coli (gadAB) 37.232 24.49° 26.19° 1.50 <0.001

F18 ETEC (fedA) ND 33.35 35.20 0.90 0.673

Walues represent least square means of 6 to 8 pigs per treatment. All pigs were started on their assigned dietary treatment starting at -10
DPI. Experimental treatments: NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-
type algal protein; OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein. Abbreviations: ETEC, enterotoxigenic E. coli; DPI, days

postinoculation; TRT, treatment; Ct, cycle threshold; ND, nondetectable.

’Bacterial gene name shown in parentheses. Data shown as raw Ct values, with higher values denoting lower expression of a particular gene.

3P-values represented were calculated on log, transformed data.
®Means without a common superscript letter differ (P < 0.05).

Discussion

Considering the multitude of stressors faced by weanling pigs,
the use of dietary approaches to support health and well-
being offers a number of practical advantages. Our research
involved use of a live F18-fimbriated ETEC model to mimic
clinical pathogenesis commonly experienced in a commercial
setting (Fekete et al., 2002; Luise et al., 2019). We hypothesized
that consumption of a novel algae-based ingredient enriched
in OPN before and after ETEC infection would afford immune
support to challenged pigs. Osteopontin is a naturally occurring
glycoprotein that serves as a key mediator of recruitment and
retention of macrophages and T-cells to sites of inflammation
(Mazzali et al, 2002) and is also essential for efficient

development of Th1l-mediated immune responses (Rollo et al.,
2005). Under these conditions, evidence from the current study
supports a role for OPN-enriched algal protein to elicit changes
in adaptive immunity, inflammatory status, and colonic
fermentation patterns and microbiota community structure in
ETEC-challenged pigs.

As part of an enteric infection, the host’s innate immune
system reacts by increasing production of leukocytes as a
primary defense against pathogens (Jiang et al., 2007; Rondina
and Garraud, 2014; Hottz et al, 2018). Such a response
typically results in both an increase in the total number of
WBC in addition to proportional shifts in specific cell sub-
types, including basophils and monocytes (Otsuka et al., 2016;
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Figure 3. Effects of dietary algal protein supplementation and strain F18 ETEC
infection on dry matter content of feces from weanling pigs collected on 7 DPIL
Means without a common superscript letter differ (P < 0.05). Values represent
least square means of 8 to 12 pigs per treatment. All pigs were started on
their assigned dietary treatment starting at 10 DPI. Experimental treatments:
NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-
inoculated pigs receiving 1.0% wild-type algal protein; OA, ETEC-inoculated pigs
receiving 1.0% OPN-enriched algal protein. Abbreviations: ETEC, enterotoxigenic
E. coli; DPI, days postinoculation; TRT, treatment.

Yamanishi and Karasuyama, 2016). Owing to the mild-to-
moderate nature of the ETEC challenge that we used, immune
system stimulation caused a change in basophil proportions
at 7 DPI, though an elevation in WBC counts was not evident
until 10 DPI. Whereas induction of an ETEC infection did not
alter circulating inflammatory cytokine concentrations to a
large extent, growth of infected pigs was reduced during the
postinoculation period and the F18-fimbriated ETEC strain was
only quantified in pigs assigned to infected treatments. Thus,
differential effects between NC and PC treatments prove the
effectiveness of inducing an F18 ETEC infection in weanling pigs
(Mazzali et al., 2002; Caporgno and Mathys, 2018).

As germane to the study objective, we sought to identify
whether ingestion of an OPN-enriched algal protein would alter
immune outcomes following an ETEC infection when compared
with pigs receiving a wild-type algal protein. Interestingly, OA
pigs exhibited an elevation of monocytes even before ETEC
inoculation (i.e., 0 DPI), and the innate response to infection
continued as WBC counts were numerically higher at 10 DPIin OA
pigs compared with PC pigs. The OPN-induced, pre-inoculation
increase in monocytes may have indicated a primed innate
immune response in pigs because circulating monocytes are
precursors of activated macrophages (Ishikawa et al., 2018). The
OPN protein is known to be expressed at low concentrations in
monocytes, but its expression becomes continuous and elevated
in activated macrophages that coordinate a pro-inflammatory
response following infection (Gao et al., 2004). In the absence of
OPN expression, macrophages exhibit impairments in motility
and capacity for cytokine production (Sodek et al.,, 2006).
Moreover, intestinal macrophages underlying the subepithelial
lamina propria play a crucial role in the intestinal homeostasis
(Toyonaga et al., 2015), suggesting that macrophages were likely
important not only in the immune response but also intestinal
tissue-level reactions involving the microbiota.

Concomitant with expansion of WBC counts at 7 to 10
DPI, OA pigs also experienced an exaggerated inflammatory
response (i.e., increased circulating TNF-a) and a shift in the
helper:cytotoxic T-cell ratio, thereby suggesting a differential
response of the innate and adaptive arms of the immune system.
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Figure 4. Effects of dietary algal protein supplementation and F18-fimbriated
ETEC infection on (A) DM, (B) SCFA, and (C) BCFA concentrations of ascending
colon contents at 10 DPI in weanling pigs. Means without a common superscript
letter differ (P < 0.05). Values represent least square means of 4 to 8 pigs per
treatment. All pigs were started on their assigned dietary treatment starting at-10
DPI. Experimental treatments: NC, sham-inoculated pigs receiving 1.0% wild-type
algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-type algal protein; OA,
ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein. Abbreviations:
ETEC, enterotoxigenic E. coli; DPI, days postinoculation; TRT, treatment; DM, dry
matter; SCFA, short chain fatty acids; BCFA, branched chain fatty acids.
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TNF-o is a pro-inflammatory cytokine secreted by activated
innate immune cells, including macrophages, dendritic cells,
and basophils (Otsuka et al., 2016; Yamanishi and Karasuyama,
2016). As the largest granulocyte, basophils are able to migrate
into affected tissues and produce cytokines (Mukai et al., 2005),
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Figure 5. Principal coordinate analysis based on weighted UniFrac distances
generated from ascending colon lumenal contents from 6 to 7 pigs per treatment
at 10 DPI: (A) effect of F18 ETEC infection, PERMANOVA P = 0.003 and (B) effect
of dietary algal protein, PERMANOVA P = 0.015. Experimental treatments:
NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-
inoculated pigs receiving 1.0% wild-type algal protein; OA, ETEC-inoculated pigs
receiving 1.0% OPN-enriched algal protein.

but the extent to which basophil infiltration occurs during active
bacterial infections remains unknown (Piliponsky et al., 2019).
While not quantified in our study, dendritic cells are known to
release TNF-a upon activation by OPN (Renkl et al., 2005), and
OPN-activated dendritic cells can subsequently induce naive
T-cells to differentiate into Th1 helper cells (Renkl et al., 2005).
Endogenously OPN may also modulate the differentiation and
proliferation of cytotoxic T-cells (Higuchi et al., 2004).

As partial justification for OPN being used as a dietary
strategy to alter the immune response, activated T-cells
synthesize OPN that can subsequently modulate cell-mediated
immunity by promoting a Thil response (Nagai et al.,, 2001).
The importance of OPN in such a response was emphasized in
knock-out studies where OPN-null mice exhibited compromised
host defenses during a rotavirus infection (Rollo et al., 2005).
Based on these associations, it is possible that OPN is required
for cell-mediated immunity and the development of Th1 cells,
as well as having great importance in macrophage activity
(Ashkar et al., 2000). In our study, OA pigs exhibited a proportion
of helper T-cells that was similar to PC pigs, while OA prevented
the reduction in cytotoxic T-cells due to ETEC infection. This
ultimately caused a shift in T-cell populations to produce a
helper:cytotoxic T-cell ratio that did not differ between NC and
OA pigs at 10 DPI, while PC pigs maintained an elevated ratio,
thereby indicating an extended active immune response. These
OPN-induced responses are congruent with studies in rodents,
where OPN has been shown to activate innate immunity,
reduce tissue damage, and initiate mucosal repair under acute
inflammatory conditions (Chen et al., 2013), while it promotes
a Th1 response during chronic inflammatory states (Heilmann
et al., 2009). Collectively, evidence from our pig study confirms
that dietary OPN-stimulated innate immune cells of primary
importance for combatting an enteric ETEC infection.

Whereas our study was not designed to focus on detriments
in growth performance due to ETEC infection, there was a
clear reduction in individual pig BW at 9 DPI for the PC and
OA treatments. This evidence confirms a successful enteric
infection even in the absence of a robust cytokine response,
which is known to play a major role in regulating feed intake
and inducing local tissue (Webel et al., 1997), but is not a
hallmark feature of F18 ETEC infection in weanling pigs (Liet al.,
2019; Luise et al., 2019). Immune system stimulation can cause
repartitioning of nutrients from growth to support immunity
due to the acute-phase protein response and subsequent
changes in metabolism (Le Floc’h et al., 2004, 2006; Wu et al.,
2012; Wellington et al., 2019). Typical alterations of an F18 ETEC
infection include the presence of catarrhal enteritis, hyperplasia
of the intestinal crypts, and the presence of bacteria adhered to
the intestinal mucosa (Fekete et al., 2002). Whereas we observed

Table 7. Effects of dietary algal protein supplementation and ETEC infection on a-diversity of microbiota profiles in ascending colon contents

at 10 DPI in weaning pigs?

Uninfected ETEC-infected P-value
Item NC PC OA NC vs. PC PC vs. OA
Observed OTU 361.7 £ 34.1 295.7 +19.0 2442 + 31.9 0.090 0.093
Shannon 6.17 +0.19 5.98 +0.17 5.35+0.26 0.443 0.033
Evenness 0.73 £0.01 0.73 £ 0.02 0.68 + 0.02 0.939 0.062
Faith’s PD 28.49 +1.63 28.12 +2.39 22.50 = 2.05 0.890 0.071

Values are least-square means + SEM of 6 or 7 pigs per treatment. All pigs were started on their assigned dietary treatment starting at -10
DPI. Experimental treatments: NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-inoculated pigs receiving 1.0% wild-
type algal protein; OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein. Abbreviations: ETEC, enterotoxigenic E. coli; OTU,

operational taxonomic unit; PD, phylogenetic diversity.
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Table 8. Effects of ETEC infection on bacterial genera of ascending colon contents at 10 DPI in weanling pigs?

Phylum Family Genus Log, fold-change PC/NC Py Shift

Firmicutes Ruminococcaceae Oscillospira 8.05 <0.001 Increase
Proteobacteria Burkholderiaceae Sutterella 4.73 0.010 Increase
Proteobacteria Succinivibrionaceae Succinivibrio 4.52 <0.001 Increase
Firmicutes Ruminococcaceae Ruminiclostridium 9 3.84 0.001 Increase
Firmicutes Acidaminococcaceae Phascolarctobacterium 2.71 0.010 Increase
Bacteroidetes Muribaculaceae Uncultured 1.95 0.010 Increase
Firmicutes Lachnospiraceae Oribacterium -2.02 0.062 Decrease
Firmicutes Veillonellaceae Dialister -2.64 0.010 Decrease
Firmicutes Streptococcaceae Streptococcus -2.79 0.016 Decrease
Firmicutes Erysipelotrichaceae Catenibacterium -2.95 0.037 Decrease
Firmicutes Erysipelotrichaceae Catenisphaera -5.31 0.014 Decrease
Firmicutes Veillonellaceae Unclassified -6.51 0.042 Decrease
Firmicutes Lachnospiraceae Lachnospiraceae NK3A20 group -6.81 0.009 Decrease

Data derived from 6 to 7 pigs per treatment and analyzed using the DESeq2 package of R. All pigs were started on their assigned dietary
treatment starting at -10 DPI. Experimental treatments: NC, sham-inoculated pigs receiving 1.0% wild-type algal protein; PC, ETEC-inoculated

pigs receiving 1.0% wild-type algal protein. Abbreviations: ETEC, enterotoxigenic E. coli; P

method to control for false discovery rate.

P-value adjusted by the Benjamini-Hochberg

adj?

Table 9. Effects of dietary algal protein supplementation during ETEC-infection on bacterial genera of ascending colon contents at 10 DPI in

weanling pigs®

Phylum Family Genus Log, fold-change OA/PC Py Shift
Firmicutes Streptococcaceae Streptococcus 3.44 0.032 Increase
Firmicutes Lachnospiraceae Blautia 1.36 0.081 Increase
Bacteroidetes Rikenellaceae Rikenellaceae RC9 gut group -1.86 0.035 Decrease
Bacteroidetes Muribaculaceae Uncultured -2.27 0.062 Decrease
Bacteroidetes Prevotellaceae Prevotella 2 -2.72 0.041 Decrease
Bacteroidetes Prevotellaceae Prevotella 7 -3.81 0.008 Decrease
Bacteroidetes Prevotellaceae Prevotella 1 -2.58 0.062 Decrease
Proteobacteria Burkholderiaceae Sutterella -5.10 0.035 Decrease
Firmicutes Ruminococcaceae Uncultured -5.59 0.014 Decrease
Firmicutes Ruminococcaceae Ruminococcaceae UCG-010 -5.97 0.035 Decrease
Firmicutes Lachnospiraceae Lachnospiraceae UCG-010 -6.32 0.078 Decrease
Firmicutes Ruminococcaceae Candidatus Soleaferrea -6.76 0.020 Decrease
Firmicutes Lachnospiraceae Lachnospiraceae UCG-004 -6.91 0.099 Decrease
Bacteroidetes Rikenellaceae dgA-11 gut group -7.60 0.008 Decrease

Data derived from 6 to 7 pigs per treatment and analyzed using the DESeq2 package of R. All pigs were started on their assigned dietary
treatment starting at -10 DPI. Experimental treatments: OA, ETEC-inoculated pigs receiving 1.0% OPN-enriched algal protein; PC, ETEC-

inoculated pigs receiving 1.0% wild-type algal protein. Abbreviations: ETEC, enterotoxigenic E. coli; P

Hochberg method to control for false discovery rate.

no discernable changes in intestinal histomorphology at 10 DP]I,
what was clear was the canonical reduction in fecal consistency
in ETEC-infected pigs as evident in fecal DM content at 7 DPI
when comparing NC and PC pigs. This effect was exaggerated
when considering OA pigs exhibited reduced fecal DM at 7 DPI
and reduced ascending colon contents DM at 10 DPI compared
with PC pigs, thereby indicating a response specific to OPN
consumption. We chose to quantify the DM content as an
objective measure because assessment of fecal scores is subject
to interobserver variation and is not possible at the individual
pig level when raised in a group setting (Pedersen et al., 2011).
Moreover, it is recognized that changes in DM content must
be considered relative to a proper control, because variability
exists between studies depending on the pig’s age, diet, and
amount of feed consumed (Pedersen et al., 2011, 2012; Spitzer
et al., 2014; Sugiharto et al., 2014).

Diarrhea can be caused by adherence of bacteria to brush
border receptors, via its fimbria, with the subsequent release
enterotoxins (Fekete et al., 2002; Luise et al., 2019). Along with

.ap P-value adjusted by the Benjamini-

the aforementioned immune responses at the local and system
levels, enteric bacterial infection in pigs is known to compromise
digestive efficiency, especially with regard to carbohydrates,
which can lead to osmotic diarrhea (Liu et al., 2009; Pi et al.,
2014). With reduced digestive and absorptive efficiency during
an enteric infection, the profile of nutrients passed to the
colonic microbiota will shift, even when considering the overall
reduction in nutrient intake. For this reason, we focused on
changes occurring within the colonic luminal environment,
including the production of microbial end-products (i.e., VFA)
and composition of the microbiota. Again, whereas the OPN-
induced reduction in fecal DM at 7 DPI was significant relative
to the PC treatment, the reduction in DM content of ascending
colon lumenal samples from OA pigs by more than 50% relative
to both the NC and PC treatments was striking. This decrease
in DM content (i.e., increase in water) was likely an osmotic
response to the elevated production of SCFA and BCFA as end-
products of microbial fermentation. Compared with the PC
treatment, OA pigs exhibited a nearly 3-fold increase in total
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SCFA concentrations of ascending colon contents at 10 DPI, with
similar shifts in the concentrations of acetate, propionate, and
butyrate due to OPN consumption. The only dietary different
between the OA and PC treatments was the enrichment of OPN,
while the concentration of dietary algae protein and the other
99% of the diet formulation remain static, suggesting that oral
OPN ingestion had a profound influence on composition of the
colonic microbial community structure.

The etiology of postweaning diarrhea in pigs is well
documented, but the structure and function of the intestinal
microbiota and influence of dietary OPN thereon remain
unknown. To gain insight into the compositional and functional
characteristics of microbiota of postweaning piglets, we
comprehensively evaluated the microbiota of ascending colon
luminal samples from ETEC-challenged pigs using 16S rRNA
gene and metagenomics sequencing. The principal coordinate
analysis (based on Unifrac weighted distances) indicated
changes in the structure of bacterial composition between
samples (i.e., p-diversity), with NC and OA pigs expressing
greater similarity within their overall bacterial community
structures, and PC pigs exhibiting a more dispersed distribution.
As such, this evidence should be interpreted as clustered
samples representing high species composition similarity
compared with separated samples. Previous evidence suggests
that enteric disease challenge in pigs causes a destabilization
of microbiome community structures (Leser et al. 2000; Kim
et al. 2015). Most of the commensal bacteria present in the
healthy gastrointestinal tract decrease when there is an active
infection, thus inducing microbiota imbalance (Koh et al., 2015).
In our study, pigs assigned to the OA treatment were better able
to maintain bacterial community structure relative to PC pigs
receiving the wild-type algae protein.

Another approach to understanding alterations of the
microbiota is to characterize bacterial diversity within a sample
(i.e., a-diversity). Pertinent indices include Shannon (species
richness and equity), evenness (similarity of the population size
of each of the species present), and Faith’s phylogenetic diversity,
where the relation between species is considered. Based on
these indexes, our data affirm that ETEC infection did not affect
the total number of species present (NC vs. PC), as we conclude
that the enteric infection severity was insufficient to cause a
change in the total number of species present in ascending colon
luminal samples. However, when comparing PC and OA pigs, it
became evident that ingestion of OPN-enriched algal protein
elicited shifts in a-diversity. The Shannon index of ascending
colon luminal samples was lower in OA pigs compared with
PC pigs, indicating a lower number of bacterial species, which
may correlate with growth performance metrics (Quan et al.,
2018). These changes in a-diversity that were specific to ETEC-
challenged pigs receiving dietary OPN-enriched algal protein
may be further characterized by shifts in bacterial genera.

Overall, OA pigs exhibited a reduction in genera belonging
to the phylum Firmicutes and Bacteroidetes as compared with
ETEC-challenged PC pigs receiving the wild-type algal protein.
Links between the microbiota composition, immune response,
and inflammatory status have certainly been explored (Kamada
et al., 2013), and additional research is warranted to identify
whether the OPN-induced increase in circulating TNF-a at 10 DPI
observed in our study may have been related to changes in the
microbiota composition. Such findings can be further delineated
using metagenomics-based approaches to evaluate changes
in bacterial abundance. Here, species within the Sutterella

and Succinivibrio genera (both members of the Proteobacteria
phylum) exhibited increased abundance in ETEC-infected pigs
receiving the wild-type algal protein (PC) when compared with
uninfected NC pigs receiving the same diet. The presence of
species within the Sutterella genera was also greater in PC pigs
compared with OA pigs, which may relate to the incidence
of diarrhea in weanling pigs (Yang et al, 2017). Moreover,
increased abundance of species within the Sutterella genera
have been reported in intestinal disorders (Minamoto et al.,
2015; Song et al., 2017). Such changes to enrich species within
the Sutterella genera may also cause decreased abundance of
Lactobacillus species (Mann et al., 2014), which are known to be
involved in supporting a well-balanced colonic microbiota and
overall healthy intestinal environment (Konstantinov et al.,
2006; Hu et al.,, 2015). Whereas metagenomics evidence from
our pig study did not suggest changes in species within the
Lactobacillus genera, the observed increase species within the
Sutterella genera may indicate intestinal dysbiosis involved in
poor intestinal health of ETEC-infected pigs.

With respect to OPN-induced differences in ETEC-infected
pigs, species within the Streptococcus and Blautia genera were
specifically enriched in OA pigs. Such shifts have been observed
previously in pigs experiencing compromised intestinal health
and incidence of diarrhea (Yang et al., 2017), but ingestion of
OPN appears to have exacerbated this effect. The dramatic
increase in water and VFA concentrations of ascending colon
contents at 10 DPI for OA vs. PC pigs directly implicates species
within the Streptococcus and Blautia genera, which were the
only genera shown to be increased by OPN consumption. The
1.4- and 3.4-fold increases in abundances of species within the
Streptococcus and Blautia genera of OA pigs was concomitant
with abundance decreases in 12 additional genera. Within the
Bacteroidetes phylum, decreased abundance was observed for
genera including Rikenellaceae, RC9 gut group, dgA-11 gut group, an
uncultured bacterium genus of the Muribaculaceae family, and
3 genera of the Prevotellaceae family (Prevotella 2, Prevotella 7,
and Prevotella 1). Moreover, genera within the Firmicutes phylum
(Candidatus, Soleaferrea, and Lachnospiraceae) were also decreased
in pigs consuming the OPN-enriched algal protein, and this
may also relate to the changes in lumenal concentrations of
DM and VFA as many of these species are known to ferment
various polysaccharides and proteins (Morotomi et al., 2009;
Meehan and Beiko, 2014; Su et al., 2014; Haq and Akram, 2017;
Israeli-Ruimy et al., 2017). Overall, there appear to be OPN-
specific effects on bacterial community structures that relate to
measures of intestinal health, including increases in water and
VFA concentrations observed in ETEC-infected pigs.

In conclusion, we present evidence that when provided
before and throughout an F18 ETEC infection, consumption of
an OPN-enriched algal protein elicited changes in immunity,
inflammatory status, and the colonic microbial ecology as
compared with pigs fed wild-type algal protein. While these
changes were insufficient to allow ETEC-infected pigs to grow
at the same rate as uninfected pigs, the numerical increase in
BW at study conclusion relative to PC pigs, improvement in the
helper:cytotoxic T-cell ratio, and elevated TNF-a concentration
suggest OPN may be beneficial as a nutritional technology for
supporting the health of newly weaned pigs. Identifying the
underlying mechanisms by which OPN causes these responses
warrants further investigation if this protein is to be used
as an alternative strategy to reduce reliance on antibiotic in
weanling pigs.



Implications

The ability to perform genetic manipulation of green algae
(Chlamydomonas reinhardtii) as a model system affords many
opportunities to express proteins with potential to benefit
animal health. Osteopontin is an endogenous glycoprotein
involved in cell-to-cell communication and immune function
that showed potential to alter inflammatory status, immunity,
and microbiota outcomes in weanling pigs experiencing an F18
ETEC infection. Therefore, dietary provision of OPN delivered via
an algal protein-containing ingredient has potential to serve as
a practical approach for managing enteric bacterial infection
progression in weanling pigs.
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