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Abstract

Background: Digestive disorders in weaning pigs remain a major challenge for swine producers. Different types of
commercial feed additives have been developed to promote gut health and development in young pigs, but their
effects on resident gut microbial communities remain largely unexplored. The aim of this study was to investigate
the impact of a peptide-based product (Peptiva) in combination with mannose oligosaccharides (MOS) and an
exogenous protease on the performance and fecal microbiome of nursery pigs.

Methods: A total of 1097 weaned pigs were divided into 44 pens (24–26 pigs/pen) with each pen randomly
assigned to one of four experimental diets as part of Phase II and Phase III of a standard nursery phase feeding
program. Fecal samples collected from representative control and treatment pigs were used to investigate bacterial
composition profiles by high throughput sequencing of PCR-generated amplicons targeting the V1-V3 region of the
16S rRNA gene.

Results: Higher gain:feed was observed for pigs fed Peptiva and MOS compared to Controls during the period
when experimental diets were fed, but the benefits of supplementation were not maintained after pigs were
transitioned to a non-supplemented diet. Three candidate bacterial species, identified as Operational Taxonomic
Units (OTUs), were found to have significantly different abundances between control samples and treatment
samples during the same phase. In Phase III samples, SD_Ssd-00039, predicted to be a strain of Streptococcus
alactolyticus based on nucleotide sequence identity, was the most highly represented of these OTUs with an
average abundance in pigs fed Peptiva, MOS and protease that was 3.9 times higher than in Controls. The report
also presents evidence of microbial succession that occurred during the trial, with 16 of the 32 most abundant
OTUs found to vary between Phase II and Phase III samples for the same dietary treatment.
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Conclusions: Dietary supplementation with a combination of a peptide-based product, MOS, and protease
increased the growth performance of weaned pigs compared to control animals during the nursery phase, but
these benefits were no longer observed within 2 weeks after all animals were transitioned to a non-supplemented
diet. Supplementation with these feed additives was found to modulate the composition of the swine gut
microbiome during this period.
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Introduction
Weaning is a critical stage during the swine production
cycle, as it involves dramatic changes that affect the de-
velopment of young animals and their overall health,
which in turn directly impact their future performance
and profitability [1]. Under typical intensive production
conditions, weaning is associated with a number of
abrupt changes, such as separation anxiety from the
dam, adaptation to an unfamiliar physical environment
and a new social hierarchy, as well as the transition to a
different diet [2, 3]. While each of these changes repre-
sents an important stressor, the sudden switch in diet
has a more direct impact on gut physiology. Indeed, the
transition from milk, a highly digestible and palatable
source of nutrients, to dry feed consisting mostly of
plant-based ingredients requires physiological adapta-
tions in digestive enzyme activities and gut secretions [2,
4, 5]. For instance, brush border digestive enzyme activ-
ities are lower after weaning [6], and there is a signifi-
cant reduction in pancreatic secretions of trypsin,
chymotrypsin, and amylase [7, 8]. Weaning induces both
acute and long lasting structural and functional changes
in the small intestine, such as shortening of villi and an
increase in crypt depth [2, 6, 9]. These structural and
functional adjustments of the gastrointestinal tract not
only impact digestive and secretory functions, but also
nutrient absorption capacity and barrier functions. Con-
sequently, weaning is typically associated with a reduc-
tion in feed intake, but these changes can have more
profound negative impacts on gut function and health.
Under these conditions, exacerbated by other factors
such as low immune protection, there is an increased
susceptibility to enteric pathogens and other disorders
that may lead to post-weaning diarrhea. Post-weaning
diarrhea reduces feed conversion and growth of affected
animals, and it can increase morbidity and mortality
rates, ultimately resulting in economic losses for pro-
ducers [5, 6, 10].
Impaired host digestion and absorption in the small

intestine during weaning provide increased availability of
nutrients for microbial opportunists, increasing the risk
of gut dysbiosis and setting the stage for pathogen
colonization and proliferation [11–13]. For instance,
bacterial fermentation of undigested dietary proteins can
result in increased concentrations of short chain fatty

acids (SCFA) and of nitrogen-containing end-products,
such as ammonia and amines, which can induce diarrhea
[14–16]. Increased production of nitrogen end-products
from gut microorganisms is not only detrimental to gut
health, but it is also a concern for the environment [12,
17]. It is then a common practice to provide easily di-
gestible protein sources, such as fishmeal, to pigs in the
early stages of the weaning transition. Since the cost of
such protein sources are becoming increasingly prohibi-
tive, there is a strong incentive to transition from animal
protein to more cost-effective plant protein sources,
such as soybean meal, as early as possible. However,
plant-based protein ingredients present a number of
challenges for swine diets, such as the presence of plant
fiber and anti-nutritional factors, as well as amino acid
profiles that may be not be optimal for growth [18, 19].
In this context, strategies have been designed to pro-

mote swine gut development and functional maturation,
as well as gut health, after weaning while mitigating the
negative effects of plant-based protein sources. Nutrient
availability from plant-based sources can be improved
with dietary supplementation of exogenous enzyme prepa-
rations containing α-amylase, β-mannanase, xylanase,
phytase, and/or cellulose to digest plant polysaccharides.
Their addition to swine and poultry diets has indeed been
shown to be beneficial [19–22]. Supplementation with ex-
ogenous proteases has also been found to help, as they
can break down anti-nutritional factors [23, 24] or starch
bound proteins, thus improving digestibility and nutrient
availability [25]. In weaned pigs, the use of exogenous en-
zymes has been reported to benefit growth rate, nutrient
digestibility, intestinal development, as well as host pepsin,
pancreatic amylase and trypsin activities, while reducing
fecal NH3 emissions [12, 24, 26, 27].
Other approaches to improve swine gut development,

function, and health during weaning include
supplementing diets with prebiotics such as mannose
oligosaccharides (MOS). MOS consist of branched car-
bohydrates that are most commonly derived from the
cell wall of Saccharomyces cerevisiae [28]. MOS have
been reported as a viable alternative to antibiotics as well
as a potent growth promotor when fed to pigs, with a
number of studies showing that their addition to swine
diets can increase performance metrics such as average
daily gain, feed efficiency, and weaning weight [29–32].
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More recently, peptide supplements have been
reported as another effective strategy to promote gut
function and health in weaned pigs. Depending on the
source and the processing methods used, certain types
of peptides have been found to be more than just a
source of amino acids, as they can modulate biological
activities affecting neural, endocrine, immune, and anti-
oxidant functions, as well as enhance mineral availability
and absorption [33–36]. Certain peptides have shown
anti-viral properties as well as anti-microbial effects
against a broad spectrum of bacteria and fungi [37]. Not-
ably, supplementation of pig diets with anti-microbial
peptides was reported to have positive effects on
performance, nutrient digestibility, intestinal morph-
ology, immune function, as well as intestinal microbiota
[38–40]. Indeed, weaned pigs fed antimicrobial peptides
such as AMP-A3, AMP-A5, colicin A1, cecropin AD,
cipB-lactoferricin-lactoferrampin, defensin, and plecta-
sin not only showed lower incidence of post-weaning
diarrhea, but also enhancement of growth performance
and improved nutrient digestibility [41–45].
In light of the importance of the gut microbiome in

maintaining the health of the animal host and contribut-
ing to its nutrition [46], the beneficial effects of feed ad-
ditives and exogenous enzymes on swine performance
are likely to involve changes in the composition of sym-
biotic microbial communities. While great progress has
been made in this field, the available information on the
effects of combining different feed additives on the gut
microbiome of pigs during weaning remains limited. In
this context, the current report describes a study on
supplementing swine diets with a combination of a
commercial peptide product and MOS, with or without
a protease, during the weaning phase. Combining the
three additives was found to benefit feed efficiency in
weaned pigs, and three candidate bacterial species
identified as OTUs were found to differ in abundance in
supplemented animals compared to control. Evidence in
support of microbial succession occurring during the
experimental period is also presented.

Materials and methods
Animals and dietary treatments
The animal trial was conducted at the South Dakota
State University (SDSU) On-Site Wean-to-Finish Barn,
with all procedures approved by the SDSU Institu-
tional Animal Care and Use Committee before the
start of the study. A total of 1097 weaned pigs (~ 7
kg; 21 days of age; blocked by weight), representing
an equal mix of gilts and barrows from the DNA 610
genetic line, were randomly divided into 44 pens (24–
26 pigs/pen; pen dimensions: 3.1 m × 6.9 m), with each
pen randomly assigned to one of four experimental
diets (Table 1). Pigs were fed a standard nursery

phase feeding program: Phase I (d 1–7), Phase II
(d 8–21) and Phase III (d 22–35). Phase I was a
starter diet common to all pigs on trial, with experi-
mental diets implemented during Phase II and Phase
III. After completion of Phase III, pigs from all treat-
ments were fed the same non-supplemented diet as
the controls for a period of 2 weeks (d 36–49). At
the end of the trial (d 49), 1076 pigs remained, as 21
pigs were removed due to illness, inability to thrive
or death.
The experimental diets consisted of Control (Con; 274

pigs; formulated to meet nutrient requirement according
to the NRC (2012) [47] guidelines; no supplementation
with Peptiva, MOS or protease), Peptiva-MOS (PepM;
272 pigs; control diet supplemented with Peptiva and
MOS), Peptiva-MOS with exogenous protease (PepM_
Pro; 276 pigs; control diet supplemented with Peptiva,
MOS and protease), and Peptiva-MOS with exogenous
protease but with reduced amino acid content (PepM_
Pro(90); 275 pigs dietary amino acid content at 90% of
recommended NRC (2012) [47]; met recommended re-
quirements for all other nutrients; supplemented with
Peptiva, MOS and protease). Peptiva is a commercial
product manufactured by Vitech Bio-Chem Corporation
(Glendale, CA, USA) that consists of fish peptides, por-
cine digests and microbial peptides. MOS from Saccha-
romyces cerevisiae and exogenous protease from
Aspergillus Niger were also products from the same
company. More detailed information on the three com-
mercial products used in this trial is provided in Add-
itional file 2: Supplementary File 1. In all experimental
diets, Peptiva-MOS was included at 0.3% as recom-
mended by the manufacturer for use in commercial
swine operations (Table 1).

Growth performance and health assessment
Weaned pigs were assessed upon arrival to the facility.
Pigs that were injured, sick, or too small were housed
separately and not included in the trial. Pigs used in the
study were randomly assigned to pens at weaning based
on visual weight estimation. Treatments were random-
ized to pens within blocks (according to barn location)
based on mean pen weight to achieve ≤ 10% covariance
in pen weight between pens within treatment. Pens of
pigs were weighed using a pen scale (accuracy of +/− 2.5
kg) at d 0 (barn entry), 14 (mid Phase II), 35 (end of
Phase III), and 49 (2 weeks on a common diet after the
end of Phase III). The swine facility was equipped with a
single M-Series FEEDPro system (Feedlogic by ComDel
Innovation, Willmar, MN 56201; accuracy of +/− 0.03%)
for feeding that was used to monitor feed dispensed and
disappearance for each pen. Diarrhea assessment was
performed by pen from d 0 to d 10, the period of highest
likely incidence, which overlapped with Phase I and the
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beginning of Phase II. Fecal scoring followed a 4-
category scale: score of ‘1’ for feces that were firm
and shaped, score of ‘2’ if feces were soft and shaped,
score of ‘3’ if feces were loose, and a score of ‘4’ if

feces were watery. Scores of ‘1’ and ‘2’ were consid-
ered healthy feces, while scores of ‘3’ and ‘4’ repre-
sented diarrhea. Each pen was observed by a single
trained technician who assigned the relative

Table 1 Formulation and nutrient composition of experimental diets

Itema Phase II Phase III

Con PMPb PMP90c PMd Con PMPb PMP90c PMd

Corn 662.5 651.5 672.2 652.2 953.10 942.1 948.10 942.8

Soybean meal 420.0 420.0 410.0 420.0 525.0 525.0 525.0 525.0

Soybean or corn oil 40.0 40.0 37.0 40.0 40.0 40.0 42.0 40.0

DDGS 150.0 150.0 150.0 150.0 200.0 200.0 200.0 200.0

PGF GMOSe 500.0 500.0 500.0 500.0 240.0 240.0 240.0 240.0

Lysine HCl 11.50 11.50 7.90 11.50 10.00 10.00 6.20 10.00

L-Threonine 4.50 4.50 2.80 4.50 3.70 3.70 1.80 3.70

DL-Methionine 2.10 2.10 0.40 2.10 2.40 2.40 0.70 2.40

Limestone 12.0 12.0 12.0 12.0

Monocalcium phosphate 5.10 5.10 5.10 5.10

PGF 3 lb VTM

L-Tryptophan 1.40 1.40 0.70 1.40 0.70 0.70 0.10 0.70

TBCC

Salt 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

PGF oat blend 200.0 200.0 200.0 200.0

Mecadox 25 g/ton in each Phase 2 diet

Peptiva 9.90 9.90 9.90 9.90 9.90 9.90

blended protease&MOS 1.10 1.10 1.10 1.10

MOS 0.44 0.44

Total 2000.0 2000.0 2000.0 2000.0 2000.0 2000.0 2000.0 2000.0

Formulated nutrient content

ME, kcal/kg 3288 3288 3288 3288 3262 3262 3262 3262

SID Lys, % 1.40 1.40 1.25 1.40 1.35 1.35 1.20 1.35

Ile:Lys 0.55 0.55 0.61 0.55 0.55 0.55 0.65 0.55

Thr:Lys 0.62 0.62 0.62 0.62 0.62 0.62 0.62 0.62

Trp:Lys 0.20 0.20 0.20 0.20 0.19 0.19 0.19 0.19

TSAA:Lys 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58

Val:Lys 0.67 0.67 0.75 0.67 0.67 0.67 0.75 0.67

Ca, % 0.67 0.75 0.75 0.75 0.70 0.70 0.70 0.70

Available P, % 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40

Lactose, % 11.0 11.0 11.0 11.0 4.0 4.0 4.0 4.0

Analyzed content

Crude protein, % 21.3 21.2 19.9 21.3 21.6 22.3 21.2 21.4

Lys, % 1.51 1.47 1.35 1.54 1.47 1.48 1.28 1.52
aAbbreviations: DDGS Dried distillers grains with solubles, PGF GMOS Pipestone Grow-finish XX, VTM Vitamin/mineral trace mix, TBCC Tribasic copper chloride, ME
Metabolizable energy, SID Standardized ileal digestible, TSAA Total sulfur amino acids
bPMP = PepM_Pro diet
cPMP90 = PepM_Pro(90) diet
dPM = PepM diet
eGF GMOS is a product from PIPESTONE (Pipestone, MN 56164, USA). It contains ingredients such as whey and specialty soy products, but it does not
contain plasma
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proportion of visible feces within each category, as
well as an overall pen score.

Fecal sample collection
During the trial, two individuals from each pen fed the
Con, PepM or PepM_Pro diets were randomly selected
for collection of fecal samples at the end of Phase II and
at the end of Phase III. Fecal samples were collected by
rectal palpation, then stored frozen (− 20 °C). At the end
of the animal trial, representative pens for each experi-
mental diet were identified based on body weight, from
which 10 pigs from the pool of available fecal samples
were randomly selected for bacterial composition
analysis.

Isolation of microbial genomic DNA and sequencing of
16S rRNA gene amplicons
Microbial genomic DNA was isolated from fecal samples
using the repeated bead beating plus column method, as
previously described [48]. The V1-V3 region of the bac-
terial 16S rRNA gene was PCR-amplified using the 27F
forward [49] and 519R reverse [50] primer pair.
Generation of V1-V3 16S rRNA gene amplicons and
Next Generation Sequencing using an Illumina MiSeq
(2X300) platform were performed by the South Dakota
State University Genomic Sequencing Facility.

Computational analysis of PCR-generated 16S rRNA
amplicon sequences
Unless specified, datasets were analyzed using custom
written Perl scripts [51]. Overlapping raw forward
and reverse reads from the same flow cell clusters
were assembled into contigs using the ‘make.contigs’
command from MOTHUR (v 1.44) [52]. Eight of the
60 samples collected did not yield a sufficient number
of 16S rRNA contigs, and these were not included in
the analysis. The number of samples from each group
that were used in the analysis was: Con PII (8); Con
PIII (7); PepM PII (10); PepM PIII (9); PepM_Pro PII
(8); PepM_Pro PIII (10).
Assembled 16S rRNA V1-V3 contig sequences were

then screened to meet the following criteria: presence
of both intact 27F (forward) and 519R (reverse) pri-
mer nucleotide sequences, length between 400 and
580 nt, and an average Phred quality score of at least
Q33. Following quality screens, sequence reads were
aligned, then clustered into Operational Taxonomic
Units (OTUs) at a genetic distance cutoff of 4%
sequence dissimilarity [53, 54]. A clustering cutoff of
3% is most commonly used for the 16S rRNA gene,
but it was defined based on full-length sequences, so
it is not necessarily suitable when analyzing sub-
regions because nucleotide sequence variability is not
the same throughout the entire 16S rRNA gene. If 3%

is the standard clustering cutoff for V4 or V4-V5
regions, then a higher cutoff can be justified for the
V1-V3 region, since it has much higher variability
than other regions of the 16S rRNA gene [55]. OTUs
were screened for chimeric sequences using the ‘chi-
mera.uchime’ and ‘chimera.slayer’ commands from the
MOTHUR open source software package [52]. Non-
chimeric OTUs were then screened to assess the
integrity of their 5′ and 3′ ends using an alignment-
based approach. When compared to their closest
match of equal or longer sequence length from the
National Center for Biotechnology Information
(NCBI) ‘nt’ database, as determined by BLAST (Basic
Local Alignment Search Tool) [56], OTUs with more
than five nucleotides missing from the 5′ or 3′ end
of their respective alignments were discarded as arti-
facts. For OTUs with only one or two assigned reads,
only sequences that had a perfect or near perfect
match to a sequence in the NCBI ‘nt’ database were
kept for analysis (the alignment had to span the
entire sequence of the OTU, and a maximum of 1%
of dissimilar nucleotides was tolerated).
After removal of sequence chimeras and artifacts, RDP

Classifier [57] and BLAST [56] were used for taxonomic
assignment of filtered OTUs. Additional information on
valid species belonging to taxa of interest was obtained
from the List of Prokaryotic Names with Standing in
Nomenclature (LPSN - http://www.bacterio.net) [58].

Statistical analyses
Growth performance was analyzed using the PROC
MIXED procedure of SAS (Version 9.4; SAS Inst.
Inc., Cary, NC), with pen as the experimental unit
and pen as the random variable. The contrast state-
ment was used for pre-planned comparisons. Chi-
squared analysis was used to evaluate fecal scores.
Differences between treatment means were tested
using Tukey’s adjusted means test when a significant
interaction was observed. Means were considered to
be significantly different when P ≤ 0.05, and a ten-
dency towards statistical significance was indicated
when 0.05 < P ≤ 0.10.
Using R (Version R-3.2.3), ANOVA (command aov)

and post hoc Tukey Honest Significant Difference (com-
mand TukeyHSD) analyses were performed to compare
alpha diversity indices. The Kruskal-Wallis sum-rank
test was used (command ‘kruskal.test’) to determine if
the abundances of selected taxa varied across sample
groups. The pairwise Wilcoxon sum-rank test (command
‘pairwise.wilcox.test’) was used to compare abundances
between sample group pairs, with the Benjamini-
Hochberg correction for controlling false discovery rate.
Statistical significance was set at P ≤ 0.05.
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Next generation sequencing data accessibility
Raw sequence data are available from the NCBI
Sequence Read Archive under Bioproject PRJNA769941.

Results
Effects of experimental diets on the production
performance of nursery pigs
The potential effects of Peptiva-MOS with or without
the addition of exogenous protease were evaluated in
weaned pigs fed a standard phase nursery diet. No sig-
nificant difference in fecal scores was found amongst
groups of pens that were assigned to different dietary
treatments; the average pen fecal score for each group
was 3 or greater over the 10-day observation period.
No significant effect of experimental diets on body
weight was observed during the trial (Table 2). How-
ever, pigs fed the PepM_Pro diet showed higher aver-
age daily gain between d 15 and d 35 compared to
control (P < 0.05). Higher gain:feed was observed for

PepM pigs compared to Con when experimental diets
were fed (d 15 to d 35 and d 0 to d 35), but lower
Gain:Feed was observed for the PepM and PepM_Pro
diets compared to Con during the period when pigs
from all groups were fed a common diet (d 36–49).
The potential of supplementation with Peptiva,

MOS and exogenous protease to compensate for re-
duced inclusion of amino acids in nursery diets was
investigated in weaned pigs fed a diet providing only
90% of the recommended NRC (2012) [47] guidelines
for amino acid requirement. No significant difference
in body weight, average daily gain, or feed intake be-
tween the PepM_Pro(90) group and Con was ob-
served during the trial. While no difference in Gain:
Feed was observed between PepM_Pro(90) pigs and
Con pigs when experimental diets were fed, the
former showed lower Gain:Feed compared to the lat-
ter (P < 0.05) when pigs from all groups were fed a
common diet (d 36–49).

Table 2 Growth performance of weaned pigs under four different dietary treatments

Con PepM1 PepM_Pro2 PepM_Pro(90)3 SEM P-value

BW, kg

d 0 6.9 6.8 6.9 7.0 0.11 0.453

d 14 12.4 12.4 12.4 12.4 0.18 0.791

d 35 23.8 24.2 24.4 23.7 0.23 0.139

d 49 35.1 35.0 35.4 34.6 0.27 0.196

ADG, kg/d

d 0-14 0.355 0.359 0.357 0.360 0.012 0.985

d 15-35 0.534b 0.558a,b 0.568a 0.536b 0.010 0.017

d 36-49 0.851 0.829 0.833 0.823 0.017 0.404

d 0-35 0.443 0.458 0.461 0.447 0.007 0.204

d 0-49 0.563 0.569 0.574 0.558 0.006 0.259

ADF, kg/d

d 0-14 0.349 0.342 0.371 0.383 0.013 0.133

d 15-35 0.875 0.809 0.842 0.817 0.028 0.296

d 36-49 1.303a 1.429b 1.419a,b 1.437b 0.044 0.050

d 0-35 0.611 0.575 0.606 0.600 0.016 0.364

d 0-49 0.847 0.863 0.882 0.883 0.011 0.089

g:f, kg:kg

d 0-14 1.009x,y 1.100x 0.962x,y 0.921y 0.050 0.082

d 15-35 0.603a 0.707b 0.674a,b 0.657a,b 0.028 0.028

d 36-49 0.652a 0.583b 0.591b 0.579b 0.016 0.007

d 0-35 0.726a 0.819b 0.765a,b 0.745a,b 0.020 0.009

d 0-49 0.666a 0.662a 0.653a,b 0.633b 0.007 0.007

Experimental diets (Phase II and Phase III) were fed for 35 d (indicated as d 0–35, corresponding to d 7 to d 42 post-weaning), followed by a common diet for 14
d (indicated as d 36–49)
Means with different superscripts within a row were found to be different at a significance threshold of P ≤ 0.05 (a,b) or to show a tendency when at 0.05 < P <
0.10 (x,y), based on the Tukey honest significant difference test
1Control diet supplemented with Peptiva and MOS (formulated to provide 100% of required amino acids for weaned pigs – NRC 2012)
2Control diet supplemented with Peptiva, MOS and a protease (formulated to provide 100% of required amino acids for weaned pigs – NRC 2012)
3Control diet supplemented with Peptiva, MOS and a protease (formulated to provide 90% of required amino acids for weaned pigs – NRC 2012)
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Taxonomic profile of fecal bacterial communities
The potential effects of Peptiva-MOS supplementation in
the presence or absence of exogenous protease on the gut
microbial profiles of nursery pigs were investigated using
fecal bacterial communities as a proxy. Streptococcaceae
(Firmicutes) and Bacteroidaceae (Bacteroidetes) were the
only taxa found to be different amongst treatments at the
same time point, with both families in lower abundance in
samples from Con-Phase III pigs compared to samples
from PepM_Pro pigs at Phase III (P < 0.05; Table 3).
Most differences in taxonomic profiles were observed

between Phase II and Phase III samples for matching
treatment pairs. Actinobacteria, for instance, were found
in higher abundance (P < 0.05) in Phase II samples
(means ranging between 2.26% and 3.03%) compared to
Phase III samples (means ranging between 0.69% and
1.13%). While Firmicutes were maintained within a
narrow range across groups (78.55–87.56%), Lactobacil-
laceae (3.14–8.90% vs 15.40–21.64%), Peptostreptococca-
ceae (0.20–0.95% vs 1.82–2.71%) and Streptococcaceae
(0.35–2.05% vs 5.15–19.60%), three families affiliated

with this phylum, were found in higher abundance in
Phase III samples compared to Phase II samples for all
dietary treatments (P < 0.05; Table 3).

Comparative analysis of fecal bacterial composition by
alpha and beta diversity
To gain further insight, an analysis based on OTU com-
position was performed, resulting in the identification of
4332 OTUs across all samples. No significant differences
were found for the alpha diversity indices tested (P >
0.05; Table 4). Clustering of samples by PCoA was con-
sistent with the taxonomic profiles described above, with
two distinct groups observed: one consisting of 24 of the
25 Phase II samples while the other grouped 25 of the
27 Phase III samples (Fig. 1).

Composition analysis by OTU profile
Taxonomic profiles had indicated that the effects of
Peptiva-MOS with or without protease supplementation
on fecal bacterial communities were more subtle than
the impact of the transition between Phase II and Phase

Table 3 Average relative abundance of main taxonomic groups in representative fecal samples from three dietary treatments at
Phase II and Phase III, %

OTUs ConII1 ConIII2 PmII3 PmIII4 PmPII5 PmPIII6

Actinobacteria# 2.26ac 0.69b 3.03a 1.13bc 2.69a 0.83b

Bacteroidetes 12.95 8.59 10.54 7.27 14.25 6.83

Bacteroidaceae# 1.31a 0.05b 0.45a 0.85abc 0.54ac 0.10c

Porphyromonadaceae 1.16 4.38 2.21 0.28 1.31 0.38

Prevotellaceae 9.20 5.70 5.79 5.31 9.89 5.43

Other Bacteroidetesa 1.28 2.41 2.10 0.83 2.52 0.93

Firmicutes 79.39 83.67 80.65 87.56 78.55 87.71

Acidaminococcaceae# 3.38ab 0.14b 1.59a 0.32ab 1.36a 0.19b

Clostridiaceae 1 2.41 4.70 1.80 4.38 2.50 2.05

Cl Inc Sedis_XIII# 2.36abc 0.96b 3.65a 1.31bc 4.28ac 1.03b

Erysipelotrichacea# 15.47abc 7.49b 19.66c 10.27ab 22.11ac 7.18b

Eubacteriaceae# 1.44ad 0.17cd 0.75ad 0.19bcd 0.56d 0.11bc

Lachnospiraceae# 19.64 9.18 16.48 13.16 10.52 13.82

Lactobacillaceae# 3.14a 21.64bc 8.90ac 21.22b 4.41a 15.40bc

Peptostreptococcaceae# 0.20a 2.68b 0.28a 2.71b 0.95a 1.82b

Ruminococcaceae 21.16 17.56 16.40 14.23 19.67 15.27

Streptococcaceae# 0.35a 5.15b 2.05a 10.32bc 1.39a 19.60c

Other Firmicutes& 9.84 13.99 9.09 9.47 10.81 11.24

Proteobacteria# 0.73ab 0.77ab 1.11a 0.37ab 0.45ab 0.17b

Spirochaetes 2.06 0.55 2.02 0.56 1.40 0.29

Other phyla$ 0.69 0.59 0.43 0.45 0.66 0.80

Unclassified bacteria$ 1.92 5.14 2.22 2.65 1.99 3.36

Different superscripts in the same row indicate that taxa were significantly different by the Wilcoxon pairwise test (P < 0.05)
1Control Phase II; 2Control Phase III; 3Peptiva + MOS Phase II; 4Peptiva + MOS Phase III; 5Peptiva + MOS + protease Phase II; 6Peptiva + MOS + protease Phase III
# Taxa showing a statistically significant difference (P < 0.05) across all 6 groups based on the Kruskal-Wallis rank sum test
aStatistical test not performed due to heterogeneity of taxonomic group
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III diet formulations. However, these effects were not
detected by PCoA. To explore potential differences at
the level of individual bacterial species, a more in depth
analysis focused on the most abundant OTUs, defined as
OTUs with a mean relative abundance of at least 1% in
at least one set of samples, was performed.
Of the 32 most abundant OTUs identified in this study,

three were found at significantly different levels between
Con samples and samples from a Peptiva-MOS treatment

during the same phase (P < 0.05; Table 5). Amongst Phase
III treatment groups, Ssd-00039 showed significantly
higher representation in the samples from the PepM_Pro
treatment compared to Con samples (P < 0.05). Ssd-00928
showed an opposite composition profile, with higher
abundance in Con samples from Phase II compared to
samples from the PepM_Pro treatment during Phase II.
For both of these OTUs, the abundance in PepM samples
appeared to be intermediate between Control and PepM_
Pro. Ssd-01079 showed a very distinct composition pat-
tern, with samples from PepM at Phase III being lower
than Con and PepM_Pro samples at Phase III.
Sixteen of the 32 most abundant OTUs were found to

vary between Phase II and Phase III when comparing sam-
ples from groups receiving the same treatment, i.e. either
Con pairs, PepM pairs and/or PepM_Pro pairs. Six of
these 16 OTUs were found at significantly different abun-
dance levels when comparing samples from all matching
treatment pairs between Phase II and Phase III diets. Ssd-
00001, Ssd-00002, Ssd-00014, and Ssd-00039 were lower
in Phase II samples compared to Phase III samples, while
Ssd-01244 and Ssd-01246 displayed an opposite profile by
being higher in Phase II samples compared to Phase III
samples. The remaining ten OTUs displayed a difference
in abundance between Phase II and Phase III for some of
the treatment pairs. Ssd-00928 was in higher abundance

Fig. 1 Comparison of fecal bacterial communities amongst the different treatment groups for Phase II and Phase III. Principal Coordinate Analysis
(PCoA) was performed using a Bray-Curtis distance matrix. The x and y axes correspond to Principal Components 1 (PCo1) and 2 (PCo2)

Table 4 Alpha diversity indices and coverage from three dietary
treatments at Phase II and Phase III. Values are presented as
means

Index ConII1 ConIII2 PmII3 PmIII4 PmPII5 PmPIII6

OTUs# 364 509 401 447 438 464

Ace 638 849 622 659 658 692

Chao1 546 753 716 693 757 785

Shannon 4.13 4.66 4.32 4.38 4.39 4.37

Simpson 0.054 0.034 0.043 0.046 0.041 0.058

Coverage, % 97.2 96.0 96.8 96.5 96.5 96.4
# Alpha index showing a statistically significant difference (P < 0.05) across all
six groups based on the Kruskal-Wallis rank sum test
No statistically significant differences by pairwise comparisons
1Control Phase II; 2Control Phase III; 3Peptiva + MOS Phase II; 4Peptiva + MOS
Phase III; 5Peptiva + MOS + protease Phase II; 6Peptiva + MOS + protease
Phase III
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in Phase II compared to Phase III from Con and PepM
treatments pairs, while Ssd-00416 and Ssd-00840 were
more highly represented in Phase II samples for the PepM
and PepM_Pro treatment pairs. Differences in abundance
for OTUs Ssd-00123, Ssd-00134, Ssd-00892, Ssd-00993
and Ssd-01079 between Phase II and Phase III were ob-
served only for the PepM treatment pair, while differences
for Ssd-00188 and Ssd-00308 were detected only for the
PepM_Pro treatment pair.

Discussion
Based on available information, the three feed supple-
ments tested in this study were hypothesized to work
through separate mechanisms. Dietary peptides have pre-
viously been reported to benefit animal performance by
increasing the availability of short peptides and free amino
acids for absorption in comparison to intact proteins [59].
Indeed, the transport of amino acids in the form of pep-
tides has been previously demonstrated to be a faster
route of uptake compared to free amino acids [60, 61];

peptides with two or three amino acids can be transported
into a cell by the PepT1 transporter for the same energy
expenditure required to transport a single free amino acid
[62, 63]. In addition to providing amino acids, certain pep-
tides, referred to as bioactive, can perform other functions.
A number of studies have for instance observed improved
average daily gain, average daily feed intake, digestibility,
and feed efficiency as a result of dietary supplementation
of nursery diets with different types of antimicrobial pep-
tides, such as lactoferrin, cecropin, defensin, or plectasin
[39, 40, 42, 44, 45]. In contrast, MOS are branched mole-
cules made of glucose, mannose and N-acetylglucosamine
[64] that can impact gut microbiomes through different
mechanisms. They can act as high affinity ligands for
binding to pathogens, thus minimizing the risk of patho-
gen attachment to gut epithelial cells and preventing the
onset of enteric infections [65, 66]. MOS can also function
as prebiotics, i.e. by providing substrates that can be me-
tabolized by beneficial symbionts of gut microbiomes. Re-
ports on the impact of MOS inclusion in nursery pig diets

Table 5 Mean relative abundance of OTUs showing a significant difference in representative fecal samples from three dietary
treatments at Phase II and Phase III, %

OTUs ConII1 ConIII2 PmII3 PmIII4 PmPII5 PmPIII6 Closest taxon (id.%)

Ssd-00001# 0.33a 10.57b 2.03a 11.02b 1.92a 6.06b L. amylovorus (99%)

Ssd-00002# 0.03a 2.86b 0.12a 1.40b 0.08a 2.61b L. johnsonii (99%)

Ssd-00014# 0.07a 2.24b 0.20a 2.26b 0.70a 1.45b T. glycolicus (97%)

Ssd-00019# 2.11 5.43 5.25 5.73 1.48 3.97 L. reuteri (99%)

Ssd-00021# 1.04ab 0.10a 0.75b 0.52a 1.33ab 0.05a P. copri (95%)

Ssd-00039# 0.27a 4.46b 1.72 a 8.95bc 1.12 a 17.19c St. alactolyticus (99%)

Ssd-00123# 7.23abc 0.11a 7.45b 2.83ac 9.32bc 0.23ac L. vitulina (87%)

Ssd-00134# 1.61ab 3.06b 1.10a 2.57b 1.60ab 1.13b Cl. saccharoper. (97%)

Ssd-00188# 0.13a 0.57ab 0.77ab 1.27ab 0.04a 2.25b E. rectale (99%)

Ssd-00304# 0.22a 0.88ab 0.49ab 1.42ab 0.49ab 0.95b A. senegalensis (84%)

Ssd-00308# 1.49ab 0.55a 4.35b 1.41ab 4.12b 0.98a H. biformis (97%)

Ssd-00416# 2.67abc 0.06a 1.28b 0.08ac 0.82bc 0.08a Ph. succinatutens (95%)

Ssd-00706# 0.48ab 1.31a 0.29b 1.05ab 0.56ab 1.05a L. paracasei (81%)

Ssd-00840# 1.20ab 0.12a 1.69b 0.47a 1.83b 0.23a Co. aerofaciens (98%)

Ssd-00892# 0.71ab 0.42a 2.30b 0.44a 1.66ab 0.35a So. moorei (89%)

Ssd-00928# 1.14a 0.12bc 0.60ab 0.07c 0.36bc 0.08c R. gnavus (96%)

Ssd-00993# 1.33ab 0.33ab 1.61a 0.25b 1.67ab 0.20b F. cylindroides (88%)

Ssd-01079# 0.62ab 0.78a 1.72a 0.04b 1.25a 0.27a M. australiensis (84%)

Ssd-01080# 0.31 0.19 0.53 0.13 1.59 0.21 I. massiliensis (92%)

Ssd-01081# 1.34 0.60 0.11 0.36 0.46 0.75 B. pachnodae (81%)

Ssd-01244# 2.05a <0.01b 0.26a 0.00b 0.77a 0.00b R. bromii (92%)

Ssd-01246# 0.64a <0.00b 0.49a <0.01b 1.22a <0.01b Sh. azabuensis (97%)
# P < 0.05 based on the Kruskal-Wallis rank-sum test
Different superscripts in the same row indicate that OTUs were significantly different by the Wilcoxon pairwise test (P < 0.05)
1Control Phase II; 2Control Phase III; 3Peptiva + MOS Phase II; 4Peptiva + MOS Phase III; 5Peptiva + MOS + protease Phase II; 6Peptiva + MOS + protease Phase III
Abbreviations: A Anaeromassilibacillus, B Blautia, Cl Clostridium, Co Collinsella, E Eubacterium, F Faecalibacterium, H Holdemanella, I Ihubacter, L Lactobacillus, M
Mahella, P Prevotella, Ph Phascolarctobacterium, R Ruminococcus, saccharoper saccharoperbutylacetonicum, Sh Sharpea, So Solobacterium, St Streptococcus,
T Terrisporobacter
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have so far been inconsistent, ranging from no obvious
benefits according to certain studies [28, 67] to improved
growth and feed efficiency in others [30, 68, 69]. Interest-
ingly, dietary supplementation of sow diets with MOS in
the last 2–3 weeks of gestation and during lactation has
been reported to improve piglet growth rate [70]. The
addition of exogenous proteases in nursery diets has been
reported to increase growth performance, protein digest-
ibility, nutrient transport efficiency, as well as apparent
ileal digestibility [23, 24, 27].
To gain further insight on these feed additives or sup-

plements, the combination of a peptide product (Pep-
tiva) with MOS and an exogenous protease was tested
for potential benefits to the performance of nursery pigs.
Dietary inclusion of Peptiva and MOS was found to be
beneficial to nursery pigs, resulting in higher gain:feed,
an indicator of feed efficiency. Under the conditions of
this study, the addition of an exogenous protease to sup-
plementation with Peptiva and MOS increased average
daily gain, but the benefits of this combination to feed
efficiency (gain:feed) were not as clear compared to in-
clusion of Peptiva and MOS without protease supple-
mentation. Regardless, the benefits of Peptiva-MOS
dietary inclusion during the nursery stage were not
maintained after pigs were transitioned to a non-
supplemented diet. While there was no statistical differ-
ence in ADG amongst experimental groups and the
control during the non-supplemented period (d 36-49),
the former showed significantly higher intake, resulting
in lower gain:feed. One possible explanation for these
observations could be that the presence of feed additives
in the gut environment promoted favorable physiological
conditions for efficient use of feed, such as increased di-
gestion and/or host absorption. This could possibly have
been mediated through changes in gut microbial com-
munity composition as observed in this study or by
modulation of host cell activities. As the animal per-
formance results suggest that these functionalities re-
quired a constant input of the feed additives in order to
be sustained, pigs from the experimental groups would
have required higher intake of feed in order to maintain
their ADG when supplementation was withdrawn.
We have previously reported that Peptiva can affect

the composition of fecal bacterial communities in
weaned pigs [51]. Considering that this peptide product
was used in combination with a prebiotic (MOS) in this
current report, we looked for differences in bacterial
composition of fecal samples that could be indicative of
potential effects on gut microbiome profiles. Three can-
didate bacterial species (OTUs) were found to have sig-
nificantly different abundances between control samples
and treatment samples during the same phase. Ssd-
000928 and Ssd-01079 likely corresponded to novel
bacterial species, since their respective 16S rRNA gene

sequences only showed limited identity to their closest
valid relative. In contrast, SD_Ssd-00039 was found to
have 99% sequence identity to S. alactolyticus, and thus
may have corresponded to a strain of this species. As
this OTU represented 86.6–87.7% of Streptococcaceae
sequences in Phase III samples across the different treat-
ments, the change in its abundance was likely why Strep-
tococcaceae were also found to vary across the different
treatments. S. alactolyticus was originally isolated from
the swine intestinal tract and from chicken feces [71],
and it was later reported to be a predominant com-
mensal in the swine colonic environment [72, 73]. S.
alactolyticus is a lactic acid producing bacterial species
with several reported beneficial effects for its hosts [74],
such as suppressing the growth of intestinal pathogens
[75, 76] and enhancing immune functions [77, 78]. In
Phase III samples, the average abundance of SD_Ssd-
00039 in samples from PepM_Pro supplemented pigs
was 3.9 times higher than in Controls. Notably, Ssd-
00001 was the most abundant OTU in Phase III samples
from Controls and PepM supplemented pigs. As Ssd-
00001 is likely a strain of L. amylovorous and also pre-
dicted to be a lactate producer [79], it would be of great
interest to compare the metabolic capabilities and prop-
erties of Ssd-00001 and Ssd-00039 in order to determine
the potential impact of this change in bacterial compos-
ition on the gut environment of nursery pigs.
Considering the importance of the gut microbiome for

the health and nutrition of their host, the establishment
of stable microbial communities in the gut of young ani-
mals is critical for their health. While bacterial succes-
sion can occur throughout the lifetime of a pig as a
result of events such as diet change and stress [80],
weaning represents one of the most disruptive events for
gut microbial composition. Indeed, not only is the tran-
sition from milk to solid feed dramatically altering the
range of substrates available for gut symbionts to
metabolize, it is also acting on a microbial environment
with limited resistance and resilience. Until the gastro-
intestinal tract of weaned pigs has adjusted to digesting
unfamiliar substrates such as starch, these remain avail-
able for gut symbionts to utilize with limited competi-
tion from the host. In intensive swine production
systems, weaned pigs are commonly fed phase diets that
start with high quality and easily digestible ingredients
to increase palatability as well as nutrient accessibility
for the immature gut. Gut adaptation to solid feed allows
for replacement of high quality ingredients with alterna-
tive feedstuffs during the different phases of the nursery
stage, resulting in reduced ingredient costs to offset the
increase in feed intake. While necessary from a nutrition
and management standpoint, phase diets may contribute
to microbiome instability in young pigs. However, a dee-
per understanding of the beneficial gut symbionts that
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need to be stably established and of their metabolic cap-
abilities would allow to fine tune phase diets to minimize
dramatic changes in microbial composition during diet
transitions. This would not only contribute to maintain
the health and growth performance of pigs at weaning,
but also throughout their productive life [81, 82].
Major differences in fecal bacterial composition were

observed between Phase II and Phase III that were inde-
pendent of treatments. These variations in profile were
consistent with microbial succession taking place in the
gut of nursery pigs between the two phases, and are con-
sistent with previously published reports [51, 83, 84].
Among the major composition changes observed, members
of the phylum Actinobacteria were found in higher abun-
dance in Phase II compared to Phase III. Of the 32 most
abundant OTUs that were analyzed individually, only Ssd-
00840 was found to be affiliated to Actinobacteria. In Phase
II samples, it represented 53.1 to 68.0% of sequence reads
per group that were affiliated to Actinobacteria.
Three families affiliated to Firmicutes (Streptococca-

ceae, Lactobacillaceae and Peptostreptococcaceae) were
found to be significantly more abundant in Phase III
samples compared to Phase II samples when matching
treatment pairs were compared. In contrast, other well-
represented Firmicutes families such as Lachnospiraceae
and Ruminococcaceae were not found to vary across
treatments or time points. As discussed in a previous
section, Ssd-00039 was the main OTU affiliated to
Streptococcacea, and it would be predicted to function
as a lactate producer. Similarly, two main OTUs affili-
ated to Lactobacillaceae (Ssd-00001 and Ssd-00002) that
were also found to be statistically different between
Phase II and Phase III samples from the same treatment
were also predicted to be lactate producers. Lactobacilli
are typically abundant in swine gut bacterial communi-
ties, and they play important roles in maintaining the
health status of the host gastro-intestinal tract [85–88].
Ssd-00001 was likely a strain of L. amylovorus, which
has been reported to express antimicrobial activity
against enteric pathogens and to produce large quan-
tities of lactic acid [79, 89]. L. amylovorus express sur-
face (S)-layer proteins that provide strong adhesive
properties for interactions with enterocytes and the
extracellular matrix of the host [90]. S-layer proteins
have been reported to act as antigen delivery vehicles for
host cells [91], thus aiding in activating the innate im-
mune system and contributing to gut health [92]. Ssd-
00002 was likely a strain of L. johnsonii, a species
associated with antimicrobial effects within the gut
environment of post-weaned pig [93]. L. johnsonii has
been shown to have probiotic qualities and to express
aggregation-promoting factor proteins, which, based on
their structure and location, may provide similar
functions to S-layer proteins [94]. Ssd-00014 was the

main abundant OTU affiliated to Peptostreptococca-
ceae, and its closest valid relative was Terrisporobacter
mayombei. First described as Clostridium mayombei,
this bacterial species was isolated from a soil-feeding
termite [95], and it has been characterized as an
acetogen, using H2 and CO2 as substrates, and found
to be capable of fermenting monosaccharides (glu-
cose, fructose, xylose), as well as amino acids such as
alanine, glutamate, serine and valine [96].

Conclusion
Together, the results from this study support that the
combination of Peptiva, MOS and protease can benefit
the performance of weaned pigs during the nursery
phase, and that these feed additives can modulate the
composition of the swine gut microbiome during this
period. Three candidate bacterial species identified as
OTUs were found to differ in abundance in supple-
mented animals compared to controls during the same
phase. Notably, as one of these OTUs, Ssd-00039, was
the most abundant candidate bacterial species identified
in this study, it would be of great interest to determine
its metabolic capabilities in order to determine the po-
tential impact of this change in bacterial composition on
the gut environment of nursery pigs.
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