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Abstract

The study investigated the effect of dietary inclusion of high-amylose cornstarch (HA-starch) on cecal microbiota composition and volatile fatty
acid (VFA) concentrations in weanling pigs fed high levels of cold-pressed canola-cake (CPCC). Weaned pigs (240 mixed sex; 7.1 = 1.2 kg) were
housed in 40 pens (6 pigs/pen) and fed a common commercial diet for 7 d, followed by the experimental diets for 28-d, which contained either
0% or 40% CPCC with either 0% or 40% HA-starch. At the end of the study, one pig from each pen (n = 8) was selected and euthanized to
collect cecal digesta for microbial and VFA composition analyses. The HA-starch increased (P < 0.001) acetate, propionate, and butyrate con-
centrations, thereby increasing total VFA concentration (P < 0.001). There was a tendency for cecal butyrate and total VFA concentrations to
decrease when pigs were fed the 40% CPCC diet without HA-starch but increase when fed the 40% CPCC diet containing 40% HA-starch
(CPCC x HA-starch effect; P = 0.09), indicating HA-starch can increase cecal butyrate and total VFA concentrations in pigs fed a diet with high-
CPCC level. The proportions of Lactobacillus and Terrisporobacter were high, whereas low proportions of Streptococcus genus were observed
in the cecal microbiota of pigs fed diets containing 40% HA-starch. Also, pathways consistent with carbohydrate digestion, absorption, and
phosphate metabolism were enriched in pigs when the diet included 40% HA-starch. In summary, incorporating high amounts of HA-starch
in a weanling pig diet containing high levels of CPCC may benefit intestinal health and digestive performance by enhancing the abundance of
probiotic commmensal bacteria, contributing to increased enzymatic activity and carbohydrate metabolism.

Lay Summary

This study explored the potential benefits of adding high-amylose cornstarch (HA-starch) to piglet diets. Our focus was on how it affects the
composition of intestinal bacteria and the production of volatile fatty acids (VFA), which are crucial for intestinal health. The pigs were initially fed
a standard commercial diet and then switched to the experimental diets with varying levels of HA-starch and cold-pressed canola-cake (CPCC),
a high-protein feed ingredient. The study found that diets high in HA-starch favored the growth of beneficial bacteria like Lactobacillus, while
reducing less desirable ones like Streptococcus. Interestingly, when the diet was high in CPCC but lacked HA-starch, the levels of VFAs tended
to drop. However, adding HA-starch to a high-CPCC diet reversed this trend. This suggests that HA-starch could be a valuable dietary addition
to support the intestinal health and overall well-being of weanling pigs, especially when using high levels of CPCC. The findings highlight the
potential of HA-starch to enhance intestinal health and aid in the efficient digestion and absorption of nutrients.
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Introduction biotics (fermentable fiber sources) in pre- and postweaning
piglet diets supports intestinal development, health, micro-
biome composition, and abundance, leading to improved
growth performance (Hong et al., 2020, 2021a). A recent
study by Hong et al. (2021a) observed that the inclusion
of sugar beet pulp in the diet of weaned piglets increased
feed efficiency and abundance of intestinal health-promoting

Weaning is a critical period in a piglet’s life, during which
the transition from the sow’s milk to a solid diet causes
many changes in intestinal development, digestive capacity,
and immune system regulation. Therefore, providing the
piglets with adequate nutrition is essential to support intes-
tinal development and optimal growth. Incorporating pre-
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bacteria Butyricicoccus in the colon. Dietary inclusion of
canola meal in weaning piglets’ diet has improved growth
performance, feed efficiency, and nutrient digestibility (Land-
ero et al.,, 2011; Hong et al., 2021a, 2021b). In addition,
including 20% canola meal in a corn-soybean meal-based
diet increased the growth performance, microbial composi-
tion, and immune response in nursery piglets (Hong et al.,
2020). Canola co-products such as cold-pressed canola cake
(CPCC) have high insoluble fiber content that can reduce E.
coli infections in weaned pigs by increasing the digesta pas-
sage rate in the small intestine (Hong et al., 2020, 2021a).
High inclusion (40%) of CPCC has been reported to nega-
tively impact growth performance, by reducing thyroid and
liver function (Lee and Woyengo, 2018). However, at low
inclusion levels, the canola co-products such as CPCC con-
tain glucosinolates that have antioxidant and antimicrobial
activity against pathogenic microorganisms in the intestine
(Mejicanos et al., 2017; Hong et al., 2020). It is thought that
the inclusion of HA-starch can act as a substrate of fermenta-
tion and mitigate the negative effects of the toxic metabolites
from glucosinolates. This is because, the amino acid digest-
ibility of canola co-products, especially CPCC, is lower than
that of conventional feedstuffs such as soybean meal (SBM)
and corn, resulting in an increased flow of undigested amino
acids into the large intestine (Grageola et al., 2013; Berrocoso
et al., 2015). The presence of these undigested proteins in the
large intestine stimulates the growth of proteolytic microor-
ganisms that ferment proteins into various toxic metabolites
such as ammonia, amines, indoles, and phenols that nega-
tively affect the intestinal health of the piglets (Pieper et al.,
2012; Richter et al., 2014; Zhang et al., 2020).

High-amylose cornstarch (HA-starch) has a high starch
content that escapes digestion in the small intestine (resistant
starch). This resistant starch can promote the growth of amy-
lolytic microorganisms at the expense of proteolytic microor-
ganisms, leading to a shift in the fermentation of undigested
proteins from the production of toxic metabolites such as
ammonia towards the production of microbial protein, which
is excreted via feces (Birt et al., 2013). Also, the toxicity of
glucosinolate degradation products is partly dependent on
the pH of the fermentation medium (digesta); the toxicity
reduces with a decrease in the pH of the digesta (Barba et
al., 2016; Abdel-Massih et al., 2023). Thus, resistant starch
in the HA-starch can reduce the toxicity of glucosinolate
degradation products by decreasing the pH of large intestine
digesta through increased production of volatile fatty acids
(VFA; Lee et al., 2020). Indeed, in a previous study (Lee et al.,
2020), the authors demonstrated that including HA-starch in
CPCC-containing diets reduced the production of more toxic
glucosinolate degradation metabolites in the cecum of weaned
pigs. The change in the gastrointestinal pH, composition of
glucosinolate degradation products, and toxicity of gluco-
sinolates due to dietary inclusion of resistant starch implies a
change in gastrointestinal microbial composition and volatile
fatty acid production due to the dietary inclusion of the resis-
tant starch. Including HA-starch in the diet of weaning pig-
lets was reported to improve nutrient digestibility, intestinal
health, and growth performance (Fouhse et al., 2015; Gao et
al., 2020; Park et al., 2020). However, information is lacking
on the effects of dietary inclusion of CPCC in combination
with HA-starch on the composition of large intestinal micro-
organisms and VFA and branched-chained fatty acid (BCFA)
concentration in weaned pigs.
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We hypothesized that including HA-starch in a weanling pig
diet containing cold-pressed canola-cake will result in cecal
microbiota composition and VFA concentration that benefit
intestinal health. Our objective was to determine the inde-
pendent or interactive effect of adding CPCC (0% or 40%
dietary inclusion) and HA-starch (0% or 40% inclusion) to
the diet of weanling pigs on VFA and BCFA concentration in
the cecum and subsequent changes in the microbiome compo-
sition and abundance.

Methods

The Institutional Animal Care and Use Committee reviewed
and approved the experimental animal procedures (South
Dakota State University #18-076E). All procedures were done
according to the stipulated animal care and handling guide-
lines at South Dakota State University.

Animals housing, diets, and sampling

The experimental setup and diet details have been previ-
ously published (Lee et al., 2020). Briefly, 240 mixed-sex pigs
(7.1 = 1.2 kg) weaned at 21 d were fed a common commercial
starter diet during the first 7-d postweaning, followed by the
experimental diets for 28 d. The experimental diets consisted
of a basal diet that contained either 0% or 40% CPCC with
either 0% or 40% HA-starch in 2 x 2 factorial arrangements.
The 40% CPCC diet without the HA-starch contained 13.7%
NDE 8.8% ADE, and 22.7% CP. While the 40% CPCC diet
with the HA-starch contained 10.5% NDF, 7.7% ADE, and
18.4% CP as previously reported (Lee et al., 2020). The
experimental diets were fed as mash and in 2 phases: Phase
1 for the first 14 d, and Phase 2 for the last 14 d of feeding
the experimental diet. On the last day of the experimental
period, one pig from each pen (7 =8 pigs/treatment) with
body weight (BW) close to the pen average BW was selected
and then euthanized. Cecal digesta were collected from the
euthanized pigs directly by emptying the cecum, immediately
snap-frozen in liquid nitrogen, and later stored at -80 °C for
microbial composition analysis and VFA concentration in the
cecal digesta.

Sample preparation and analytical procedures

Cecal digesta samples were thawed and centrifuged at
3,000 x g for 30 min at 4 °C. The supernatant was col-
lected for VFA and BCFA analysis, as described by Erwin
et al. (1961). Briefly, 0.8 mL of the supernatant was mixed
with 0.2 mL of 25% phosphoric acid and 0.2 mL of inter-
nal standard solution (150 mg of 4-methyl-valeric acid,
S$381810; Sigma-Aldrich Corp., St. Louis, MO, USA) and
vortexed for 1 min. The concentration of acetic acid, pro-
pionic acid, butyric acid, acids branched chain fatty acids
(BCFA), and total VFA in the supernatant was determined
by gas chromatography (Trace 1310, Thermo Fischer Sci-
entific, Waltham, MA, USA) with a Stabilwax-DA column
(30-m x 0.25-mm i.d.; Restek, Bellefonte, PA, USA). A
flame-ionization detector was used with an injector tem-
perature of 170 °C. To analyze the microbial composition
of cecal digesta, total microbial DNA was extracted from
the cecal digesta and fecal samples using the Powersoil®
DNA Isolation Kit (QIAGEN, MD) according to the man-
ufacturer’s instructions. The quality of the DNA was deter-
mined using NanoDrop one (Thermo Fisher Scientific, DE)
and quantified using Qubit Fluorometer 3.0 (Invitrogen,
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Table 1 Cecal VFA concentrations of piglets-fed CPCC without or with HA-starch'.

HAZ2-starch 0% HA-starch 40% SEM P-value
CPCC 0% CPCC 40% CPCC 0% CPCC 40% CcPCC HA CPCC*HA
Cecal VFA3, mM of digesta

Total VFA 78.6 58.2 108.1 116.3 8.82 0.455 <0.001 0.089
Acetate 44.8 37.0 55.8 61.0 5.07 0.782 <0.001 0.176
Propionate 22.7 16.2 35.4 39.3 4.84 0.779 <0.001 0.248
Butyrate 10.3 4.36 16.0 15.0 1.55 0.022 <0.001 0.093
BCFA* 0.85 0.64 0.97 1.01 0.16 0.55 0.087 0.382

+b<Within a row, means without a common superscript differ (P < 0.05).

'Pigs were housed in 40 pens (6 pigs/pen), and 1 pig from each pen (8 pigs/diet) with BW close to the pen average BW were euthanized to collect cecal

digesta to determine VFA concentrations.

2HA-starch = high-amylose cornstarch. HA-starch (Hylon VIITM; 70% amylose) was obtained from Ingredion Incorporated (Westchester, IL).

3VFA = volatile fatty acids.
“BCFA = branched-chain fatty acids.

CA). The hypervariable V3-V4 regions of the bacterial 16S
rRNA were amplified, and 0.3 ng of DNA was used for
library preparation according to the Nextera XT library
preparation kit (Illumina, San Diego, CA) and sequenced
on the MiSeq Platform. The variations in bacterial com-
munities within the cecal digesta using 16S rRNA micro-
bial community analysis package in Quantitative Insights
into Microbial Ecology framework (QIIME, Version 2.0)
(Bolyen et al., 2019). Briefly, the samples were demulti-
plexed, quality-filtered, and denoised using DADA2 (Cal-
lahan et al., 2016). The reads were quality filtered, and
amplicon sequence variants (ASVs) were predicted and
assigned to taxonomy using the DADA2-formated trained
SILVA database version 138 release (Pruesse et al., 2007).
The mothur package (version 1.35.1) was used to calcu-
late the phylogenetic distances between the predicted ASVs
and presented in a phylogenetic tree format (Schloss et al.,
2011). Differential abundance analysis was performed using
the DESeq2 package in R programming (Love et al., 2014).

Statistical analysis

All data were verified for normality by the Proc Univariate
of SAS, and outliers were identified at 3 standard deviations
from the mean. The VFA and BCFA data analysis were ana-
lyzed as a 2 x 2 factorial with the fixed effect factors of CPCC
(0% or 40%; n =2), HA-starch (0% or 40%; n =2), and
their interactions. The microbiome compositional analysis
was performed using the phyloseq (McMurdie and Holmes,
2013) and the microeco package (Liu et al., 2021) in R pro-
gramming. The permutational multivariate analysis of vari-
ance (PERMANOVA) was performed using Vegan version
2.4-2. using the Kruskal-Wallis Sum and Wilcox tests to esti-
mate genus-level microbial community differences (Anderson,
2001) Statistical significance in all analyses was determined
at P <0.0S.

Results
Volatile fatty acids (VFA), branched-chained fatty
acid (BCFA), and metabolic pathways in the cecum.

The VFA concentration data are presented in Table 1. We
observed that the inclusion of 40% HA-starch, regardless of
the CPCC concentration, significantly increased (P < 0.001)

the acetate, propionate, and butyrate concentration in the
cecal digesta. Consequently, the total VFA concentration was
higher (P <0.001) in the 40% HA-starch-based diet regard-
less of the CPCC concentration. We also observed a tendency
for a higher BCFA concentration in the 40% HA-starch-
fed piglets (P =0.087), regardless of CPCC concentration.
There was also a tendency for a CPCC x HA-starch effect
on butyrate (P=0.093) and total VFA (P =0.089). Spe-
cifically, cecal butyrate concentration was lowest with the
0% HA-starch + 40% CPCC diet compared to the 40%
HA-starch + 40% CPCC diet, indicating HA-starch increased
butyrate concentration in the diet containing 40% CPCC.
Total VFA tended to decrease with the 0% HA-starch + 40%
CPCC but increased with the 40% HA-starch + 40% CPCC-
based diet. As presented in Fig. 1, Carbohydrate digestion
and absorption activities were reportedly decreased in pigs
that received 40% HA-starch diets compared to the other
treatment groups. Similarly, we observed that phosphonate
and phosphinate metabolism decreased in pigs fed 40%
HA-starch diets compared to the other groups.

ASVs prediction and microbial community
composition

A total of 1,489 ASVs were predicted and distributed across all
samples within the 4 treatment groups. The 1,489 ASVs were
filtered based on abundance (>0.15%) and presence in greater
than 2 samples (>2). We retained 606 high-quality ASVs, repre-
senting 88.36% of the total reads. To determine the distribution
of the high-quality ASVs amongst the 4 treatment groups, we
used the trans-Venn class from the microeco package to esti-
mate the shared and unique ASVs across the treatment groups
(Fig. 2). About 0.2% (5 ASVs), 0.1% (3 ASVs), 1% (13 ASVs),
and 0.3% (5 ASVs) were unique to 0%HA-starch + 0% CPCC,
0%HA-starch + 40%CPCC, 40%HA-starch + 0%CPCC,
and 40%HA-starch + 40%CPCC respectively. However,
about 61.7% (220 ASVs) were shared amongst all 4 treat-
ment groups, and about 4.1% (57 ASVs) were shared between
0%HA-starch + 0% CPCC and 40%HA + 0%CPCC. 1.4%
(19ASVs) were shared between 40%HA-starch + 0%CPCC
and 40%HA-starch + 40%CPCC, whereas 1.2% (16
ASVs) were shared between 0%HA-starch + 0% CPCC and
0%HA-starch + 40%CPCC. The most abundant phyla were
the Firmicutes, Actinobacteriota, Proteobacteria, Euryar-
chaeota, Verrucomicrobiota, and Patescibacteria (Fig. 3).
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Figure 1. Metabolic pathway of cecal microbiome of piglets. Colors on the left side of the image illustrates the different metabolic pathways and
corresponding functions in the cecum of the piglets. The barplots and the different colors to the right side illustrates the different treatment groups. The
height of the bars illustrates the proportions of each functions/metabolic pathways.
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Figure 2. Amplicon sequence variants as distributed between the treatment groups

The Firmicutes phylum was highly abundant with a percent-
age abundance of 97.19%, 94.65%, 96.10%, and 92.43%
in  0%HA-starch + 0% CPCC, 40%HA-starch + 0%CPCC,
0%HA-starch + 40%CPCC, and 40%HA +40%CPCC,
respectively. The percentage abundance of the Actinobac-
teriota phylum was 7.15% (40%HA-starch + 40%CPCC),
4.48% (40%HA-starch + 0% CPCC), 3.30% (0%HA-starch +

40%CPCC), and 2.61% (0%HA-starch + 0%CPCC). At the
genus level, the most abundant genera were Lactobacillus,
Streptococcus, Terrisporobacter, Blautia, Subdoligranulum,
Clostridium sensu stricto 1, Ruminococcus, Sarcina, Olsenella,
Coprococcus, Turicibacter, Holdemanella, Catenibacterium,
[Eubacterium)] ballii group, and [Ruminococcus| gauvreauii
group.
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stacked barplot across different treatment groups. With different colors denoting different genera across different treatment groups

enus

d D

~ Coprococcus

Olsenella

Sarcina

Ruminococcus
Clostridium sensu stricto 1
Subdoligranulum

Blautia

Terrisporobacter
Streptococcus
Lactobacillus

I EEENEREER

0%HA-Starch - 0%CPCC 0%HA-Starch - 40%CPCC

40%HA-Starch - 0%CPCC

40%HA-Starch - 40%CPCC

Figure 4. Relative abundance based distribution of different bacteria groups at the genus level across different treatment groups

The addition of HA-starch increased the proportion of Lac-
tobacillus and Terrisporobacter and decreased the relative
abundance of Streptococcus (Fig. 4). The proportion of Lacto-
bacillus was 41.66 % in 40%HA-starch + 0% CPCC,35.34% in
0%HA-starch + 0% CPCC,28%in0%HA-starch + 40%CPCC,
and 18.30% in 40%HA-starch + 40%CPCC. Low pro-
portions of the Streptococcus genus were observed to be

associated with the supplementation of the HA-starch
diet: 4.11% in 40%HA-starch + 0%CPCC and 17.87
for 40%HA-starch + 40%CPCC compared to 29.69%
in 0%HA-starch + 40%CPCC and 26.75% for 0%HA-
starch + 0%CPCC. Interestingly, a high abundance of
Terrisporobacter was also observed to be associated
with  dietary  supplementation of HA-starch, with
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Figure 5. Alpha diversity analysis of cecal bacterial communities across the different treatment groups using the Chao1, Observe, and Shannon indices.

Different colors represents the different treatments.

11.85% in 40%HA-starch + 0%CPCC and 9.91% in
40%HA-starch + 40%CPCC compared to 6.44% for 0%HA-
starch + 40%CPCC and 3.91% in 0%HA-starch + 0% CPCC.

Microbiome diversities in the cecal bacterial
communities

The alpha diversity indices and beta diversity metrics esti-
mated the cecal microbial community diversities. The
Chaol, Observed, and Shannon indices were used to
determine cecal bacterial community diversities within
the treatment groups. As shown in Fig. 5 and Supple-
mentary Fig. 1, the Shannon diversity index, Observe
ASVs, and the Chaol indices showed a significant differ-
ence (P <0.05) between 0%HA-starch + 40%CPCC and
40%HA-starch + 0%CPCC.

The Observed index showed a significant difference
(P =0.0022) between 40%HA-starch + 0% CPCC and
0%HA-starch + 40% CPCC. Similarly, there was a significant
difference (P = 0.03) between 40%HA-starch + 0% CPCC,
0%HA-starch + 40% CPCC,and 0%HA-starch + 0% CPCC.
The Chaol index showed a significant difference
(P =0.0045) between 0%HA-starch + 40%CPCC
and  40%HA-starch + 0%CPCC. Shannon diver-
sity was significantly different (P =0.0045)
between  0%HA-starch + 40%CPCC  and 40%HA-
starch + 0% CPCC. The Bray-Curtis distance metric was
used to calculate the principal coordinate analysis (PCoA)
between the treatment groups, as shown in Fig. 6. We
observed a significant difference between the treatment
groups (P = 0.001, R? = 0.2706) with a distinct clustering of
40%HA-starch + 0%CPCC. We estimated the permutation
test for homogeneity of multivariate dispersions (PERM-

DISP) (Anderson et al., 2011) to P = 0.887 using the num-
ber of permutations 999.

Differential abundance analysis of cecal bacterial
communities

The differential abundance analysis was conducted using the
DESeq2 analysis pipeline, employing a log2foldchange cutoff
of 0.05. This criterion was applied to identify bacteria that
exhibited differential abundance in cecal bacterial communi-
ties among various treatment groups.

As illustrated in Fig. 7, about 36 ASVs affiliated with the
Lactobacillus genus were differentially abundant in piglets
subjected to a diet comprising 40%HA-starch + 40% CPCC.
In contrast, approximately 83 bacterial ASVs, spanning the
genera Streptococcus, Lactobacillus, Blautia, Subdoligran-
ulum, Ruminococcus, Olsenella, and Butyricicoccaceae,
demonstrated differential abundance in piglets fed a diet of
40%HA-starch + 0%CPCC. Five bacterial ASVs associated
with the genera Streptococcus, Lactobacillus, Eubacterium,
and Catenisphaera exhibited differential abundance in piglets
consuming a diet featuring 0%HA-starch + 40%CPCC. In
comparison, around 90 ASVs representing various bacterial
genera displayed differential abundance in piglets fed a diet
of 40%HA-starch + 0% CPCC.

The abundance of Lactobacillus and
Terrisporobacter genera within the treatment
groups

This investigation identified a notable prevalence of the Lac-
tobacillus genus within the treatment groups. Consequently,
to ascertain the distribution of Lactobacillus across distinct
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treatment groups and to delineate the prevalence of different
Lactobacillus species within each group, we conducted a com-
prehensive profiling of the total Lactobacillus reads propor-
tionally across all samples and treatments (Fig. 8). The total
reads affiliated with the Lactobacillus genus was observed
as follows: 15,044 reads for 40%HA-starch + 0%CPCC,
6,424 reads for 40%HA-starch + 40%CPCC, 18,809
reads for 0%HA-starch + 0% CPCC, and 10,751 reads for
0%HA-starch + 40%CPCC. Our analysis revealed 9 dis-
tinct taxa of Lactobacillus species present across the various
treatment groups, including Lactobacillus amylovorus, Lac-
tobacillus delbrueckii, Lactobacillus equicursoris, Lactoba-
cillus johnsonii, Lactobacillus mucosae, Lactobacillus pontis,
Lactobacillus porci, Lactobacillus reuteri, and Lactobacil-
lus salivarius (Fig. 8 and Supplementary Fig. 2). Specifically,
the abundance of Lactobacillus amylovorus across treatment
groups was noted as 11,492 in 40%HA-starch + 0%CPCC,
1,410 in 40%HA-starch + 40%CPCC, 12,876 in 0%HA-
starch + 0% CPCC, and 4,009 in  0%HA-starch +
40%CPCC. The total reads for Lactobacillus delbrueckii
were 104, 0, 176, and 16 in 40%HA-starch + 0% CPCC,

40%HA-starch + 40%CPCC, 0%HA-starch + 0%CPCC, and
0%HA-starch + 40%CPCC, respectively. Lactobacillus equi-
cursoris was exclusively observed in 0%HA-starch + 0% CPCC,
with a total read count of 160. Notably, Lactobacillus porci
exhibited higher representation in 40%HA-starch + 0% CPCC.
Furthermore, incorporating HA-starch in the pig diet was asso-
ciated with elevated Terrisporobacter. The lowest abundance
of Terrisporobacter was observed in pigs fed a diet containing
high-CPCC (Fig. 9).

The abundance of Streptococcus genera within the
treatment groups

The relative abundance of Streptococcus genera was observed
to vary within the treatment groups. We observed that the
addition of HA-starch decreased the abundance of Strep-
tococcus  genera;  40%HA-starch + 0% CPCC  (4.97%)
and 40%HA-starch + 40%CPCC (19.98%) whereas the
highest relative abundance of Streptococcus was observed
in 0%HA-starch + 40%CPCC (28%) (Fig. 4). The most
relatively abundant = Streptococcus species were the
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Figure 9. A box plot comparing the relative abundance of the Terrisporobacter species in the different treatment groups

Streptococcus hyointestinalis and Streptococcus gallolyticus.
The highest relative abundance of S. gallolyticus was observed
in 40%HA-starch + 40%CPCC, and the lowest relative
abundance was observed in the 40%HA-starch + 0% CPCC.
Meanwhile, the highest relative abundance of S. hyointestina-
lis was observed in the 40%HA-starch + 0% CPCC fed pigs,
and the lowest relative abundance of S. hyointestinalis was
recorded in 0%HA-starch + 40%CPCC (Fig. 10).

Discussion

The present study aimed to investigate whether CPCC and
HA-starch inclusion in the diet of weaned piglets will impact
VFA concentration in the cecum and cause changes in the
microbiome composition and abundance. We have previously
reported that including CPCC independently reduced growth
performance, increased liver size, and interfered with thyroid
gland function, but these were mitigated with the inclusion
of HA-starch (Lee et al., 2020). Previous reports indicate that
including HA-starch in the diet of weaning piglets improved
nutrient digestibility, intestinal health, and growth perfor-

mance (Lu et al., 2016). Based on the fermentable charac-
teristics of the HA-starch used in the present study, coupled
with the relatively high crude protein content of the CPCC, a
combined inclusion of both ingredients may improve intesti-
nal health and confer growth performance benefits, because
at high-CPCC inclusion we previously reported a reduction in
growth performance (Lee and Woyengo, 2018). The present
study evaluated the impact of the dietary treatments on VFA
concentration in cecal digesta, which showed a consistent
increase in acetate, propionate, and butyrate concentration
in pigs fed the 40% HA-starch diet. Previous studies have
reported similar effects of HA-starch increasing the VFA
concentration in the intestinal digesta, especially butyrate
concentrations (Demigne et al., 1989; Lu et al., 2016; Kerr
et al., 2023). Increased VFA production promotes intestinal
development and health, especially for butyrate, improving
intestinal epithelial cell function and as an energy source for
the cells (Tsukahara et al., 2003; Gao et al., 2020; Salvi and
Cowles, 2021; Ma et al., 2022). The production of these VFAs
is based on the metabolic outcomes of resident microbiomes
in the gut; as such, microbial metabolic pathways are linked
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with different biochemical activities within the cells that may
activate an enzymatic reaction leading to the synthesis of
metabolites.

Furthermore, the present study used the PICRUSt2 (Doug-
las et al., 2020) and ggpicrust2 (Yang et al., 2023) to func-
tionally predict the organic compounds degraded by the
bacteria communities within the cecal microbiome of the fed
diets with or without HA-starch and CPCC inclusion. Over-
all, pathways responsible for carbohydrate digestion, absorp-
tion, and phosphate and phosphinate metabolism were highly
significant and enriched in pigs fed the 40% HA-starch diet
and the combined treatment of HA-starch and CPCC. The
enriched metabolic pathways indicate an interaction between
the host pig and the microbial communities, synthesizing
metabolites that have implications for the host’s immunity,
metabolism, and physiology, usually with positive outcomes
(Visconti et al., 2019; Cox et al., 2022). Since the present
study only observed a higher enrichment in the HA-starch-fed
pigs, this may indicate the impact of the 40%HA-starch on
microbial metabolism, further enhancing the host physiology
and health. Bacterial community composition was determined
to assess the possible effect of the basal diet with or without
CPCC and HA-starch on different intestinal microbial com-
munities of piglets. Indeed, substrate availability and the pref-
erence of the microbes to utilize a particular substrate offer a
significant factor in determining microbial composition.

In the present study, Firmicutes were the most abundant
phyla across the treatments. Specifically, the combined effect
of HA-starch and CPCC and the individual supplementation
of 40%HA-starch decreased the relative abundance of the
Firmicutes phyla compared to the control or the 40%CPCC
diets. Firmicutes are usually the most abundant phyla because
many of the members of this phylum can break down car-
bohydrates that escape enzymatic digestion, usually in the

form of dietary fiber or resistant starch (Regmi et al., 2011).
This is in accordance with our observation that the propor-
tion of carbohydrate digestion and absorption enzymes was
relatively lower in the 40%HA-starch treated pigs. There
is evidence that Firmicutes are efficient producers of butyr-
ate (Macfarlane and Macfarlane, 2003). Firmicutes are the
most abundant bacteria inhabiting the gut and play a role
in the metabolism of energy from the host, which may lead
to increased fat accumulation in pigs, as proposed by others
(Komaroff, 2017; Lu et al., 2021), but this was not evalu-
ated in the present work. Interestingly, the proportion of
Actinobacteriota was abundant in the combined treatment
of 40% HA-starch and 40%CPCC group and the individual
treatment group of 40%HA-starch. This observation contra-
dicts previous studies on the intestinal microbiome, indicating
that the Firmicutes and Bacteroidetes are the most abundant
(Ivarsson et al., 2014; Xiao et al., 2017; Crespo-Piazuelo
et al., 2018). However, the observation in the present study
agrees with Yang et al. (2020), who reported that Firmicutes
and Actinobacteriota were the first and second most abun-
dant phyla in wild pigs.

At the genus level, Lactobacillus was the most abundant
across the treatments in relation to the other genus. We
observed that piglets fed the 40% HA-starch diet had a high
abundance of Lactobacillus (41.66%), which is consistent
with previous reports that have indicated that diets contain-
ing HA-starch can increase digesta mass and commensal bac-
teria population (Bifidobacterium spp. and Lactobacillus)
(Bird et al.,2007; Regmi et al.,2011; Yu et al.,2019). Indeed,
Lactobacillus is highly amylolytic and can inhibit the colo-
nization of non-amylolytic bacteria, which allows for their
colonization, hence higher abundance (Yu et al., 2019). This
assertion is confirmed in the present study wherein, in the
40% HA-starch diet, we observed a reduced abundance of
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Streptococcus, possibly because of the competitive exclusion
by Lactobacillus. The 2 most abundant Streptococcus spe-
cies are S. hyointestinalis and S. gallolyticus (Devriese et al.,
1988; Dumke et al., 20135; Pasquereau-Kotula et al., 2018a).
The addition of 40%HA-starch increased the abundance
of S. hyointestinalis, whereas the addition of 40%CPCC
increased the abundance of S. gallolyticus. S. hyointestina-
lis was reported to produce antimicrobial protein molecules
with unique characteristics similar to bacteriocins (Lee et al.,
2020). S. gallolyticus reportedly belongs to a few opportu-
nistic human pathogens (Pasquereau-Kotula et al., 2018b).
Exploring fecal microbiota composition and metagenomic
functions associated with feed efficiency in pigs as reported
by Quan et al. (2019) suggested that sub-species S. gallolyti-
cus subsp. gallolyticus could be a key candidate for improv-
ing feed efficiency. Our findings show that the relative
abundance of Terrisporobacter genera increased in pigs fed
a diet containing 40%HA-starch. Similarly, dietary protein
restrictions (low-protein diet) in piglets increased the pro-
portion of Terrisporobacter abundance (Liu and Fan, 2023).
The consumption of basal diet with 50 g/kg wheat bran and
50 g/kg fermented wheat bran increased the abundance of
Terrisporobacter to as high as 47% in pigs (He et al., 2023).

The diversity and richness of the cecal microbiome are piv-
otal factors in both the digestion of dietary nutrients and the
fermentation of indigestible starch within the hindgut. Alter-
ations in dietary composition exert a notable influence on
microbial diversity and richness. In the present investigation,
a substantial augmentation in microbial diversity and richness
was noted in piglets-fed diets containing either 40% CPCC or
40%HA-starch. Similarly, Tachon et al. (Tachon et al., 2013)
observed microbial diversity and richness escalation upon
introducing type 2 resistant starch from high-amylose maize to
mice. Conversely, Tiwari et al. (Tiwari et al., 2022) found no
significant shifts in bacterial diversity and composition when
administering starchy and fibrous feed to pigs. Furthermore,
a previous report by Metzler-Zebeli et al. (2015) indicated no
noteworthy alterations in cecal bacterial diversity and rich-
ness when resistant starch type 4 was provided to growing
pigs. The dissimilarity in observations between this study and
previous research could stem from differences in pig selection
and the composition of high-amylose sources. We employed
weaned piglets in our study, whereas the previously reported
studies used growing-finishing pigs. The presence of HA-starch
impacted both the alpha diversity of the cecal microbiome
and the overall abundance of bacterial 16S rRNA genes in
the cecal digesta. The Venn diagram clearly distinguished
that the HA-starch diet supported a greater diversity of bac-
teria in the cecal digesta than the control diet. Additionally,
this effect was observed in comparison to diets supplemented
with CPCC. Notably, the cecal digesta from the diet enriched
with HA-starch exhibited more distinct bacterial taxa than the
control diet and the diets supplemented with CPCC. Similarly,
Metzler-Zebeli et al. (2015) reported an increase in unique cecal
bacterial taxa in pigs fed on enzymatically modified starch. The
microbiota composition of piglets fed 40%HA-starch with no
CPCC (40%HA-starch + 0% CPCC) had a significantly dis-
tinct bacterial composition, clustered separately from the other
treatment groups with variation due to dietary inclusion of
HA-starch. This is evident with the differential enrichment of
cecal bacterial genera such as Enterorhabdus, Eggerthellaceae_
unclassified, formicigenerans, ponci, pontis, Terrisporobacter,
and amylovorus. Similarly, resistant starch consumption mod-

1

ulated the compositional structures of human intestinal micro-
biota (Martinez et al., 2010) and the cecal microbiota of swine
(Haenen et al., 2013; Umu et al., 2015).

In summary, incorporating HA-starch and CPCC into the
diet of weaned piglets led to the modulation of the intesti-
nal microbiota. This modulation was characterized by an
augmentation in microbial diversity and an increased abun-
dance of probiotic commensal bacteria. Specifically, diets
enriched with HA-starch increased the relative abundance of
the Lactobacillus and Terrisporobacter genera. Notably, the
introduction of HA-starch in the piglet diet correlated with
increased S. hyointestinalis, while piglets fed a CPCC diet
exhibited higher proportions of S. gallolyticus. This enhance-
ment in probiotic strains contributed to heightened enzyme
activity involved in substrate degradation, consequently lead-
ing to an increase in the production of VFAs, which serve as a
significant energy source for microbial communities and host
organisms.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.

Acknowledgments

We would also like to thank Cameron Pewe and Joseph
Wollbrink (South Dakota State University, Brookings, SD)
for assistance with animal care. This research project was
financed by the South Dakota State University Agricultural
Experiment Station.

Conflict of interest statement. All authors declare no compet-
ing interests, financial or otherwise.

Author contributions

Michael Wellington (Data curation, Formal analysis,
Writing—original draft, Writing—review & editing), Seidu
Adams (Data curation, Formal analysis, Investigation,
Methodology, Writing—original draft, Writing—review &
editing), Jung Wook Lee (Data curation, Formal analysis,
Investigation, Methodology, Writing—review & editing), Atta
Agyekum (Data curation, Formal analysis, Writing—original
draft, Writing—review & editing), and Tofuko Woyengo
(Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Project administration, Validation,
Writing—original draft, Writing—review & editing)

Literature Cited

Abdel-Massih, R. M., E. Debs, L. Othman, J. Attieh, and F. M. Cabre-
rizo. 2023. Glucosinolates, a natural chemical arsenal: more to
tell than the myrosinase story. Front. Microbiol. 14:1130208.
doi:10.3389/fmicb.2023.1130208

Anderson, M. ]J. 2001. A new method for non-parametric mul-
tivariate analysis of variance. Austral. Ecol. 26:32-46.
doi:10.1111/5.1442-9993.2001.tb00081.x

Anderson, M. J., T. O. Cirist, J. M. Chase, M. Vellend, B. D. Inouye, A. L.
Freestone, N. J. Sanders, H. V. Cornell, L. S. Comita, K. E. Davies, et
al. 2011. Navigating the multiple meanings of §§ diversity: a roadmap
for the practicing ecologist. Ecol. Lett. 14:19-28. doi:10.1111/
j.1461-0248.2010.01552.x


https://doi.org/10.3389/fmicb.2023.1130208
https://doi.org/10.1111/j.1442-9993.2001.tb00081.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x

12

Barba, F. J., N. Nikmaram, S. Roohinejad, A. Khelfa, Z. Zhu, and
M. Koubaa. 2016. Bioavailability of glucosinolates and their
breakdown products: impact of processing. Front. Nutr. 3:24.
doi:10.3389/fnut.2016.00024

Berrocoso, J. D., O. J. Rojas, Y. Liu, J. Shoulders, J. C. Gonzilez-Vega,
and H. H. Stein. 2015. Energy concentration and amino acid
digestibility in high-protein canola meal, conventional canola meal,
and soybean meal fed to growing pigs. J. Anim. Sci. 93:2208-2217.
doi:10.2527/jas.2014-8528

Bird, A. R., M. Vuaran, 1. Brown, and D. L. Topping. 2007. Two
high-amylose maize starches with different amounts of resistant
starch vary in their effects on fermentation, tissue and digesta mass
accretion, and bacterial populations in the large bowel of pigs. Br. J.
Nutr. 97:134-144. doi:10.1017/S0007114507250433

Birt, D. E, T. Boylston, S. Hendrich, J. L. Jane, J. Hollis, L. Li, J. McClel-
land, S. Moore, G. J. Phillips, M. Rowling, et al. 2013. Resistant
starch: promise for improving human health. Adv. Nutr. 4:587-
601. doi:10.3945/AN.113.004325

Bolyen, E., J. R. Rideout, M. R. Dillon, N. A. Bokulich, C. C. Abnet, G.
A. Al-Ghalith, H. Alexander, E. J. Alm, M. Arumugam, F. Asnicar, et
al. 2019. Reproducible, interactive, scalable and extensible micro-
biome data science using QIIME 2. Nat. Biotechnol. 37:852-857.
doi:10.1038/s41587-019-0209-9

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. ]J. A. John-
son, and S. P. Holmes. 2016. DADA2: high-resolution sample infer-
ence from Illumina amplicon data. Nat. Methods 13:581-583.
doi:10.1038/nmeth.3869

Cox, T. O., P. Lundgren, K. Nath, and C. A. Thaiss. 2022. Metabolic
control by the microbiome. Genome Med. 14:80. doi:10.1186/
$13073-022-01092-0

Crespo-Piazuelo, D., J. Estellé, M. Revilla, L. Criado-Mesas, Y.
Ramayo-Caldas, C. Ovilo, A. I. Fernandez, M. Ballester, and J. M.
Folch. 2018. Characterization of bacterial microbiota composi-
tions along the intestinal tract in pigs and their interactions and
functions. Sci. Rep. 8:12727. d0i:10.1038/s41598-018-30932-6

Demigne, C., M. A. Levrat, and C. Remesy. 1989. Effects of feeding
fermentable carbohydrates on the cecal concentrations of minerals
and their fluxes between the cecum and blood plasma in the rat. J.
Nutr. 119:1625-1630. doi:10.1093/jn/119.11.1625

Devriese, L. A., R. Kilpper-Bilz, and K. H. Schleifer. 1988. NOTES:
Streptococcus hyointestinalis sp. nov. from the Gut of Swine. Int.
J. Syst. Evol. Microbiol. 38:440-441. d0i:10.1099/00207713-38-
4-440

Douglas, G. M., V. J. Maffei, ]. R. Zaneveld, S. N. Yurgel, J. R. Brown, C.
M. Taylor, C. Huttenhower, and M. G. 1. Langille. 2020. PICRUSt2
for prediction of metagenome functions. Nat. Biotechnol. 38:685—
688. d0i:10.1038/s41587-020-0548-6

Dumke, J., D. Hinse, T. Vollmer, J. Schulz, C. Knabbe, and ]. Dreier.
20135. Potential transmission pathways of Streptococcus gallolyti-
cus subsp. gallolyticus. PLoS One. 10:¢0126507. doi:10.1371/jour-
nal.pone.0126507

Erwin, E. S., G. J. Marco, and E. M. Emery. 1961. Volatile fatty acid
analyses of blood and rumen fluid by gas chromatography. J. Dairy
Sci. 44:1768-1771. doi:10.3168/jds.s0022-0302(61)89956-6

Fouhse, J. M., M. G. Ginzle, P. R. Regmi, T. A. Van Kempen, and R.
T. Zijlstra. 2015. High amylose starch with low in vitro digest-
ibility stimulates hindgut fermentation and has a bifidogenic
effect in weaned pigs. J. Nutr. 145:2464-2470. doi:10.3945/
jn.115.214353

Gao, X., B. Yu, J. Yu, X. Mao, Z. Huang, Y. Luo, J. Luo, P. Zheng,
J. He, and D. Chen. 2020. Influences of dietary starch structure
on intestinal morphology, barrier functions, and epithelium apop-
tosis in weaned pigs. Food Funct. 11:4446-4455. doi:10.1039/
c9f002652e

Grageola, F, J. L. Landero, E. Beltranena, M. Cervantes, A. Ara-
iza, and R. T. Zijlstra. 2013. Energy and amino acid digestibil-
ity of expeller-pressed canola meal and cold-pressed canola cake
in ileal-cannulated finishing pigs. Anim. Feed Sci. Technol.
186:169-176. doi:10.1016/j.anifeedsci.2013.10.010

Journal of Animal Science, 2025, Vol. 103

Haenen, D., J. Zhang, C. S. da Silva, G. Bosch, I. M. van der Meer,
J. van Arkel, J. J. G. C. van den Borne, O. P. Gutiérrez, H. Smidt,
B. Kemp, et al. 2013. A diet high in resistant starch modulates
microbiota composition, SCFA concentrations, and gene expres-
sion in pig intestinel-3. J. Nutr. 143:274-283. do0i:10.3945/
in.112.169672

He, W., Z. Yang, H. Ding, and B. Shi. 2023. Dietary supplementation
with fermented wheat bran improves the inflammatory state and
intestinal health in pigs. Livest. Sci. 274:105286. doi:10.1016/j.
livsci.2023.105286. https://www.sciencedirect.com/science/article/
p1i/S1871141323001324

Hong, J., S. P. Ndou, S. Adams, J. Scaria, and T. A. Woyengo. 2020.
Canola meal in nursery pig diets: growth performance and gut
health. J. Anim. Sci. 98:skaa338. doi:10.1093/jas/skaa338

Hong, J., S. Ariyibi, L. Antony, J. Scaria, S. Dilberger-Lawson, D. Fran-
cis, and T. A. Woyengo. 2021a. Growth performance and gut
health of Escherichia coli-challenged weaned pigs fed canola meal-
containing diet. J. Anim. Sci. 99:1. d0i:10.1093/jas/skab196

Hong, J., S. P. Ndou, S. Adams, J. Scaria, and T. A. Woyengo. 2021b.
Growth performance, visceral organ weights, and gut health of
weaned pigs fed diets with different dietary fiber solubility and
lipid sources. J. Anim. Sci. 99:1. d0i:10.1093/jas/skab292

Ivarsson, E., S. Roos, H. Y. Liu, and J. E. Lindberg. 2014. Fer-
mentable non-starch polysaccharides increases the abundance of
Bacteroides-Prevotella-Porphyromonas in ileal microbial com-
munity of growing pigs. Animal. 8:1777-1787. do0i:10.1017/
S$1751731114001827

Kerr, B. J., S. C. Pearce, S. M. Ramirez, W. P. Schweer, and N. K. Gabler.
2023. Soluble corn fiber, resistant corn starch, and protected butyr-
ate effects on performance, gastrointestinal volatile fatty acids, and
apparent total-tract digestibility of calcium and phosphorus in
nursery pigs. J. Anim. Sci. 101:skad022. doi:10.1093/jas/skad022

Komaroff, A. L. 2017. The microbiome and risk for obesity and diabe-
tes. JAMA. 317:355-356. d0i:10.1001/jama.2016.20099

Landero, J. L., E. Beltranena, M. Cervantes, A. Morales, and R. T. Zijl-
stra. 2011. The effect of feeding solvent-extracted canola meal on
growth performance and diet nutrient digestibility in weaned pigs.
Anim. Feed Sci. Technol. 170:136-140. doi:10.1016/j.anifeed-
s¢1.2011.08.003

Lee, J. W, and T. A. Woyengo. 2018. Growth performance, organ
weights, and blood parameters of nursery pigs fed diets contain-
ing increasing levels of cold-pressed canola cake. ]J. Anim. Sci.
96:4704-4712. doi:10.1093/jas/sky317

Lee, J. W., S. Wang, Y. Huang, T. Seefeldt, A. Donkor, B. A. Logue,
and T. A. Woyengo. 2020. Toxicity of canola-derived glucosino-
lates in pigs fed resistant starch-based diets. J. Anim. Sci. 98:1-14.
doi:10.1093/jas/skaal11

Liu, S., and Z. Fan. 2023. Effects of dietary protein restriction on
colonic microbiota of finishing pigs. Animals. 13:9. doi:10.3390/
ani13010009

Liu, C., Y. Cui, X. Li, and M. Yao. 2021. Microeco: an R package for
data mining in microbial community ecology. FEMS Microbiol.
Ecol. 97:1-9. d0i:10.1093/femsec/fiaa2 55

Love, M. 1., W. Huber, and S. Anders. 2014. Moderated estimation
of fold change and dispersion for RNA-seq data with DESeq2.
Genome Biol. 15:550. do0i:10.1186/s13059-014-0550-8

Lu, H., H. Yan, V. V. Almeida, O. Adeola, and K. M. Ajuwon. 2016.
Effects of dietary resistant starch content on nutrient and energy
digestibility and fecal metabolomic profile in growing pigs1. J.
Anim. Sci. 94:364-368. d0i:10.2527/jas.2015-9669

Lu, C., Y. Liu, Y. Ma, S. Wang, C. Cai, Y. Yang, Y. Zhao, G. Liang,
G. Cao, B. Li, et al. 2021. Comparative evaluation of the ileum
microbiota composition in piglets at different growth stages. Front.
Microbiol. 12:1-13. doi:10.3389/fmicb.2021.765691

Ma, N., X. Chen, L. J. Johnston, and X. Ma. 2022. Gut microbiota-stem
cell niche crosstalk: a new territory for maintaining intestinal
homeostasis. iMeta. 1:¢54. d0i:10.1002/imt2.54

Macfarlane, S., and G. Macfarlane. 2003. Regulation of short-chain
fatty acid production. Proc. Nutr. Soc. 62:67-72. doi:10.1079/


https://doi.org/10.3389/fnut.2016.00024
https://doi.org/10.2527/jas.2014-8528
https://doi.org/10.1017/S0007114507250433
https://doi.org/10.3945/AN.113.004325
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s13073-022-01092-0
https://doi.org/10.1186/s13073-022-01092-0
https://doi.org/10.1038/s41598-018-30932-6
https://doi.org/10.1093/jn/119.11.1625
https://doi.org/doi:10.1099/00207713-38-4-440
https://doi.org/doi:10.1099/00207713-38-4-440
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1371/journal.pone.0126507
https://doi.org/10.1371/journal.pone.0126507
https://doi.org/10.3168/jds.s0022-0302(61)89956-6
https://doi.org/10.3945/jn.115.214353
https://doi.org/10.3945/jn.115.214353
https://doi.org/10.1039/c9fo02652e
https://doi.org/10.1039/c9fo02652e
https://doi.org/10.1016/j.anifeedsci.2013.10.010
https://doi.org/10.3945/jn.112.169672
https://doi.org/10.3945/jn.112.169672
https://doi.org/10.1016/j.livsci.2023.105286
https://doi.org/10.1016/j.livsci.2023.105286
https://www.sciencedirect.com/science/article/pii/S1871141323001324
https://www.sciencedirect.com/science/article/pii/S1871141323001324
https://doi.org/10.1093/jas/skaa338
https://doi.org/10.1093/jas/skab196
https://doi.org/10.1093/jas/skab292
https://doi.org/10.1017/S1751731114001827
https://doi.org/10.1017/S1751731114001827
https://doi.org/10.1093/jas/skad022
https://doi.org/10.1001/jama.2016.20099
https://doi.org/10.1016/j.anifeedsci.2011.08.003
https://doi.org/10.1016/j.anifeedsci.2011.08.003
https://doi.org/10.1093/jas/sky317
https://doi.org/10.1093/jas/skaa111
https://doi.org/10.3390/ani13010009
https://doi.org/10.3390/ani13010009
https://doi.org/10.1093/femsec/fiaa255
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.2527/jas.2015-9669
https://doi.org/10.3389/fmicb.2021.765691
https://doi.org/10.1002/imt2.54
https://doi.org/10.1079/PNS2002207

Wellington et al.

PNS2002207 . https://www.cambridge.org/core/product/identifier/
$0029665103000120/type/journal_article

Martinez, L., J. Kim, P. R. Duffy, V. L. Schlegel, and J. Walter. 2010.
Resistant starches types 2 and 4 have differential effects on the
composition of the fecal microbiota in human subjects. PLoS One.
5:15046. doi:10.1371/journal.pone.0015046

McMurdie, P. J., and S. Holmes. 2013. Phyloseq: an R package for
reproducible interactive analysis and graphics of microbiome cen-
sus data. PLoS One. 8:¢61217. d0i:10.1371/journal.pone.0061217

Mejicanos, G. A., A. Regassa, and C. M. Nyachoti. 2017. Effect of high
canola meal content on growth performance, nutrient digestibil-
ity and fecal bacteria in nursery pigs fed either corn or wheat based
diets. Anim. Feed Sci. Technol. 231:59-66. doi:10.1016/j.anifeed-
sci.2017.06.012.  https://www.sciencedirect.com/science/article/pii/
S0377840117301578

Metzler-Zebeli, B. U., S. Schmitz-Esser, E. Mann, D. Griill, T. Molnar,
and Q. Zebeli. 2015. Adaptation of the cecal bacterial microbiome
of growing pigs in response to resistant starch type 4. Appl. Envi-
ron. Microbiol. 81:8489-8499. d0i:10.1128/AEM.02756-15

Park, S., W. Li, B. St-Pierre, Q. Wang, and T. A. Woyengo. 2020. Growth
performance, nutrient digestibility, and fecal microbial composi-
tion of weaned pigs fed multi-enzyme supplemented diets. J. Anim.
Sci. 98:1-10. doi:10.1093/JAS/SKAA306

Pasquereau-Kotula, E., M. Martins, L. Aymeric, and S. Dramsi.
2018a. Significance of Streptococcus gallolyticus subsp. gallolyt-
icus association with colorectal cancer. Front. Microbiol. 9:614.
doi:10.3389/fmicb.2018.00614.  https://api.semanticscholar.org/
CorpusID:4556149

Pasquereau-Kotula, E., M. Martins, L. Aymeric, and S. Dramsi. 2018b.
Significance of Streptococcus gallolyticus subsp. gallolyticus associ-
ation with colorectal cancer. Front. Microbiol. 9:614. doi:10.3389/
fmicb.2018.00614

Pieper, R., S. K. Ger, J. E Richter, J. Wang, L. Martin, J. Bindelle, J. K.
Htoo, D. Von Smolinski, W. Vahjen, J. R. Zentek, et al. 2012. Fer-
mentable fiber ameliorates fermentable protein-induced changes in
microbial ecology, but not the mucosal response, in the colon of
piglets. J. Nutr. 142:661-667. doi:10.3945/jn.111.156190

Pruesse, E., C. Quast, K. Knittel, B. M. Fuchs, W. Ludwig, J. Peplies, and F.
0. Glockner. 2007. SILVA: a comprehensive online resource for quality
checked and aligned ribosomal RNA sequence data compatible with
ARB. Nucleic Acids Res. 35:7188-7196. doi:10.1093/nar/gkm864

Quan, J., G. Cai, M. Yang, Z. Zeng, R. Ding, X. Wang, Z. Zhuang, S.
Zhou, S. Li, H. Yang, et al. 2019. Exploring the fecal microbial
composition and metagenomic functional capacities associated
with feed efficiency in commercial dly pigs. Front. Microbiol. 10:1-
12. d0i:10.3389/fmicb.2019.00052

Regmi, P. R., B. U. Metzler-Zebeli, M. G. Ginzle, T. A. T. G. van Kem-
pen, and R. T. Zijlstra. 2011. Starch with high amylose content
and low in vitro digestibility increases intestinal nutrient flow and
microbial fermentation and selectively promotes bifidobacteria in
pigs. J. Nutr. 141:1273-1280. d0i:10.3945/jn.111.140509

Richter, J. E, R. Pieper, S. S. Zakrzewski, D. Giinzel, J. D. Schulzke,
and A. G. Van Kessel. 2014. Diets high in fermentable protein and
fibre alter tight junction protein composition with minor effects

13

on barrier function in piglet colon. Br. J. Nutr. 111:1040-1049.
doi:10.1017/5S0007114513003498

Salvi, P. S., and R. A. Cowles. 2021. Butyrate and the intestinal epithe-
lium: modulation of proliferation and inflammation in homeostasis
and disease. Cells. 10:1775. d0i:10.3390/cells10071775

Schloss, P. D., D. Gevers, and S. L. Westcott. 2011. Reducing the effects
of PCR amplification and sequencing Artifacts on 16s rRNA-based
studies. PLoS One. 6:¢27310. doi:10.1371/journal.pone.0027310

Tachon, S., J. Zhou, M. Keenan, R. Martin, and M. L. Marco. 2013.
The intestinal microbiota in aged mice is modulated by dietary
resistant starch and correlated with improvements in host
responses. FEMS Microbiol. Ecol. 83:299-309. doi:10.1111/
j-1574-6941.2012.01475.x

Tiwari, U. P, R. K. Mandal, K. R. Neupane, B. Mishra, and R. Jha.
2022. Starchy and fibrous feedstuffs differ in their in vitro digest-
ibility and fermentation characteristics and differently modulate gut
microbiota of swine. J. Anim. Sci. Biotechnol. 13:53. doi:10.1186/
$40104-022-00699-y

Tsukahara, T., Y. Iwasaki, K. Nakayama, and K. Ushida. 2003. Stimula-
tion of butyrate production in the large intestine of weaning piglets
by dietary Fructooligosaccharides and its influence on the histolog-
ical variables of the large intestinal mucosa. J. Nutr. Sci. Vitaminol.
(Tokyo). 49:414-421. doi:10.3177/jnsv.49.414

Umu, C. O,, J. A. Frank, J. U. Fangel, M. Oostindjer, C. S. Da Silva, E. J.
Bolhuis, G. Bosch, W. G. T. Willats, P. B. Pope, and D. B. Diep. 2015.
Resistant starch diet induces change in the swine microbiome and
a predominance of beneficial bacterial populations. Microbiome.
3:1-15. doi:10.1186/s40168-015-0078-5

Visconti, A., C. I. Le Roy, F. Rosa, N. Rossi, T. C. Martin, R. P. Mohney,
W. Li, E. de Rinaldis, J. T. Bell, J. C. Venter, et al. 2019. Interplay
between the human gut microbiome and host metabolism. Nat.
Commun. 10:1-10. doi:10.1038/s41467-019-12476-z

Xiao, Y., K. Li, Y. Xiang, W. Zhou, G. Gui, and H. Yang. 2017. The
fecal microbiota composition of boar Duroc, Yorkshire, Landrace
and Hampshire pigs. Asian-Australas. J. Anim. Sci. 30:1456-1463.
doi:10.5713/ajas.16.0746

Yang, G., C. Shi, S. Zhang, Y. Liu, Z. Li, F. Gao, Y. Cui, Y. Yan, and M.
Li. 2020. Characterization of the bacterial microbiota composition
and evolution at different intestinal tract in wild pigs (Sus scrofa
ussuricus). Peer]. 8:¢9124. do0i:10.7717/peerj.9124

Yang, C., J. Mai, X. Cao, A. Burberry, F. Cominelli, and L. Zhang. 2023.
ggpicrust2: an R package for PICRUSt2 predicted functional pro-
file analysis and visualization. Bioinformatics. 39:1-5. d0i:10.1093/
bioinformatics/btad470

Yu, M., Z. Li, W. Chen, T. Rong, G. Wang, and X. Ma. 2019.
Microbiome-metabolomics analysis investigating the impacts
of dietary starch types on the composition and metabolism of
colonic microbiota in finishing pigs. Front. Microbiol. 10:1-
13. doi:10.3389/fmicb.2019.01143

Zhang, H., N. van der Wielen, B. van der Hee, J. Wang, W. Hendriks,
and M. Gilbert. 2020. Impact of fermentable protein, by feeding
high protein diets, on microbial composition, microbial catabolic
activity, gut health and beyond in pigs. Microorganisms. 8:1735-
1724. doi:10.3390/microorganisms8111735


https://doi.org/10.1079/PNS2002207
https://www.cambridge.org/core/product/identifier/S0029665103000120/type/journal_article
https://www.cambridge.org/core/product/identifier/S0029665103000120/type/journal_article
https://doi.org/10.1371/journal.pone.0015046
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.anifeedsci.2017.06.012
https://doi.org/10.1016/j.anifeedsci.2017.06.012
https://www.sciencedirect.com/science/article/pii/S0377840117301578
https://www.sciencedirect.com/science/article/pii/S0377840117301578
https://doi.org/10.1128/AEM.02756-15
https://doi.org/10.1093/JAS/SKAA306
https://doi.org/10.3389/fmicb.2018.00614
https://api.semanticscholar.org/CorpusID:4556149
https://api.semanticscholar.org/CorpusID:4556149
https://doi.org/10.3389/fmicb.2018.00614
https://doi.org/10.3389/fmicb.2018.00614
https://doi.org/10.3945/jn.111.156190
https://doi.org/10.1093/nar/gkm864
https://doi.org/10.3389/fmicb.2019.00052
https://doi.org/10.3945/jn.111.140509
https://doi.org/10.1017/S0007114513003498
https://doi.org/10.3390/cells10071775
https://doi.org/10.1371/journal.pone.0027310
https://doi.org/10.1111/j.1574-6941.2012.01475.x
https://doi.org/10.1111/j.1574-6941.2012.01475.x
https://doi.org/10.1186/s40104-022-00699-y
https://doi.org/10.1186/s40104-022-00699-y
https://doi.org/10.3177/jnsv.49.414
https://doi.org/10.1186/s40168-015-0078-5
https://doi.org/10.1038/s41467-019-12476-z
https://doi.org/10.5713/ajas.16.0746
https://doi.org/10.7717/peerj.9124
https://doi.org/10.1093/bioinformatics/btad470
https://doi.org/10.1093/bioinformatics/btad470
https://doi.org/10.3389/fmicb.2019.01143
https://doi.org/10.3390/microorganisms8111735

	Dietary inclusion of high-amylose cornstarch increased Lactobacillus and Terrisporobacter and decreased Streptococcus in the cecal digesta of weanling pigs
	Introduction
	Methods
	Animals housing, diets, and sampling
	Sample preparation and analytical procedures
	Statistical analysis

	Results
	Volatile fatty acids (VFA), branched-chained fatty acid (BCFA), and metabolic pathways in the cecum.
	ASVs prediction and microbial community composition
	Microbiome diversities in the cecal bacterial communities
	Differential abundance analysis of cecal bacterial communities
	The abundance of Lactobacillus and Terrisporobacter genera within the treatment groups
	The abundance of Streptococcus genera within the treatment groups

	Discussion
	Supplementary Data
	Acknowledgments
	Literature Cited


