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Effect of feeding raw potato starch on the composition  
dynamics of the piglet intestinal microbiome
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Jin Young Jeong3, Ki Hyun Kim4, Jae-Ku Oem2, Tai-Young Hur1, and Sang-Ik Oh1,*

Objective: Raw potato starch (RPS) is resistant to digestion, escapes absorption, and is 
metabolized by intestinal microflora in the large intestine and acts as their energy source. 
In this study, we compared the effect of different concentrations of RPS on the intestinal 
bacterial community of weaned piglets. 
Methods: Male weaned piglets (25-days-old, 7.03±0.49 kg) were either fed a corn/soybean-
based control diet (CON, n = 6) or two treatment diets supplemented with 5% RPS (RPS5, 
n = 4) or 10% RPS (RPS10, n = 4) for 20 days and their fecal samples were collected. The 
day 0 and 20 samples were analyzed using a 16S rRNA gene sequencing technology, followed 
by total genomic DNA extraction, library construction, and high-throughput sequencing. 
After statistical analysis, five phyla and 45 genera accounting for over 0.5% of the reads in 
any of the three groups were further analyzed. Furthermore, short-chain fatty acids (SCFAs) 
in the day 20 fecal samples were analyzed using gas chromatography. 
Results: Significant changes were not observed in the bacterial composition at the phylum 
level even after 20 d post feeding (dpf); however, the abundance of Intestinimonas and 
Barnesiella decreased in both RPS treatment groups compared to the CON group. Con-
sumption of 5% RPS increased the abundance of Roseburia (p<0.05) and decreased the 
abundance of Clostridium (p<0.01) and Mediterraneibacter (p< 0.05). In contrast, con-
sumption of 10% RPS increased the abundance of Olsenella (p<0.05) and decreased the 
abundance of Campylobacter (p<0.05), Kineothrix (p<0.05), Paraprevotella (p<0.05), and 
Vallitalea (p<0.05). Additionally, acetate (p<0.01), butyrate (p<0.05), valerate (p = 0.01), 
and total SCFAs (p = 0.01) were upregulated in the RPS5 treatment group 
Conclusion: Feeding 5% RPS altered bacterial community composition and promoted gut 
health in weaned piglets. Thus, resistant starch as a feed additive may prevent diarrhea in 
piglets during weaning.

Keywords: Feed; Metagenomics; Microbiome; Piglet; Resistant Starch; Short Chain Fatty 
Acids 

INTRODUCTION

The mammalian intestinal microbiota is a dynamic and complex ecosystem of bacterial 
communities that is closely associated with host homeostasis and health [1]. The initial 
microbiota of the neonate is acquired at birth when it escapes through the birth canal and 
is continuously affected by the surrounding environment [2]. Weaning is the most critical 
phase in pig production as the piglets are separated from the sow and subjected to a transition 
from milk-based diet to solid diet [3], and these dietary changes could lead to gastrointes-
tinal changes and alterations in the intestinal microbiota composition [4]. Hence, weaning 
transition in piglets can cause intestinal immune dysfunction, poor growth performance, 
and post-weaning diarrhea, resulting in large economic losses to the swine industry [3,5]. 
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Post-weaning diarrhea is the most important factor in global 
piglet production as it is strongly associated with increased 
morbidity, reduced average gain, and decreased animal wel-
fare. Diarrhea in pigs under weaning stress can be caused by 
various pathogens, including enterotoxigenic Escherichia 
coli, Salmonella spp., porcine kobuvirus, and porcine parvo-
virus [6].
 Over the last several decades, antimicrobials have been 
used to promote piglet development by preventing various 
post-weaning diseases [7]; however, its overuse is strongly 
associated with an increase in the number of antibiotic-re-
sistant pathogens. Furthermore, the environmental pollution 
caused by the antimicrobials has raised important concerns 
regarding animal and human health [4]. For this reason, the 
use of antibiotics in feed additives has been banned in vari-
ous countries. However, the elimination of antibiotics in 
feed may reduce weight gain and increase mortality due to 
the emergence of intestinal diseases in post-weaned pigs [8]. 
Therefore, to keep the swine industry profitable, there is a 
need to identify sustainable feed additives that can improve 
the gut microbiota in weaned piglets without the use of anti-
biotics.
 Dietary fibers such as resistant starch (RS) containing 
starch and starch degradation products, are an important 
external factor that can improve the intestinal microbiota 
composition [9]. Digestion of RS is difficult in the small in-
testines; however, in the large intestines, it serves as an energy 
source to the gut microbiota, which metabolizes it to produce 
gases and short-chain fatty acids (SCFAs) via fermentation 
[10]. Therefore, RS is a representative source of microbiota-
accessible carbohydrates that can improve intestinal health 
[7,11]. Several studies have reported that high RS diets lower 
nutrient digestibility and feed efficiency, which is not benefi-
cial for pig farming [12,13]; nevertheless, RS is considered as 
a potential prebiotic and a functional dietary ingredient due 
to its high fermentability [13]. 
 Raw potato starch (RPS) is a well-known component of 
RS that can enhance fermentation in the digestive tract and 
increase pro- and anti-inflammatory cytokine levels in ani-
mals [14]. We speculated that RPS could improve intestinal 
homeostasis and thereby support growth performance by 
preventing diarrhea in weaned and growing pigs. Recently 
developed metagenomics technologies yield high-quality 
and high-throughput sequencing results, which can facilitate 
the analysis of the composition, abundance, and function of 
porcine intestinal microbial communities [11,15], and have 
enabled the investigation of the effect of RPS on animal and 
human gut microbiota [11,14,16-18]. Therefore, the aim of 
the present study was to investigate the effects of two differ-
ent concentrations of RPS feeds on growth performance, 
SCFA production, and the composition of intestinal micro-
bial communities of weaned piglets. However, considering 

that RPS is expensive and that long-term RPS intake increases 
average daily feed intake, determination of the shortest and 
optimal feeding period is essential for economic reasons 
[19,11]. Consequently, we aimed to determine the optimal 
RS feeding period and concentration, in addition to moni-
toring the changes in the gut microbiota composition.

MATERIALS AND METHODS 

Ethics statements
This experimental study followed the guidelines approved 
by the Animal Ethics Committee of the National Institute of 
Animal Science, Republic of Korea. The study was approved 
by the Institutional Animal Care and Use Committee of the 
National Institute of Animal Science, Republic of Korea (ap-
proval number: NIAS 2021-503).

Animals and experimental design
In total, 14, (25-days-old), castrated male piglets (Landrace× 
Yorkshire), with an initial average weight of 7.03±0.49 kg, 
were obtained from the same herd from a commercial pig 
farm. The animals were carefully inspected by veterinarians 
before housing them in the experimental facility at the Na-
tional Institute of Animal Science, Republic of Korea. All the 
piglets were transferred to the facility three days prior to the 
start of the experiment. The facilities were managed by the 
designated veterinarians, under a 12:12 h light-dark cycle at 
constant temperature (21°C±2°C) and relative humidity 
(55%±10%). During the adaptation period, all animals were 
sero-negative for major swine diseases: foot-and-mouth dis-
ease, classical swine fever, porcine respiratory and reproductive 
syndrome, and Mycoplasma spp. infection. In addition, Esche-
richia coli and Salmonella spp. were not isolated in the fecal 
samples of these pigs. At 28 d of age, the piglets were ran-
domly divided into two treatment groups and one control 
group (CON, n = 6). The CON diet was formulated accord-
ing to the nutritional requirements suggested by the Korean 
feeding standard for pigs (Table 1). Animals in treatment 
group 1 (RPS10, n = 4) and treatment group 2 (RPS5, n = 4) 
were fed the CON diet supplemented with 10% RPS and 5% 
RPS, respectively (Table 1). The pigs were provided 1 kg of 
feed twice a day (09:00 and 16:00) and had ad libitum access 
to water until the end of the experimental period (at 48 days 
of age). All the piglets were weighed and fecal samples were 
collected from their rectum at 0, 5, 10, 15, and 20 days post 
feeding (dpf). Approximately 10 g fresh feces were trans-
ported on ice and stored at –80°C.

DNA sample preparation
In total, 70 fecal samples were collected from each pig at 0, 
5, 10, 15, and 20 dpf and immediately transported to Mac-
rogen Inc. (Seoul, Korea) for metagenomic analysis. DNA 
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was extracted using a DNeasyPowerSoil Kit (Qiagen, Hilden, 
Germany) according to the manufacturer's instructions. 
The extracted DNA was quantified using Quant-IT Pico-
Green assay (Invitrogen, NY, USA).

Library construction and sequencing
The sequencing libraries were prepared according to the 
Illumina 16S metagenomic sequencing library protocols to 
amplify the V3-V4 region. Genomic DNA (2 ng) was poly-
merase chain reaction (PCR)-amplified with 5× reaction 
buffer, 1 mM dNTP mix, 500 nM of universal F/R PCR primer 
each, and Herculase II fusion DNA polymerase (Agilent 
Technologies, Santa Clara, CA, USA). PCR conditions were 
set as follows: 3 min at 95°C, 25 cycles of 30 s at 95°C, 30 s at 
55°C, and 30 s at 72°C, followed by a final extension of 5 
min at 72°C. The universal primer pair with Illumina adapt-
er overhang sequences used for the first amplification was as 
follows: V3-F: 5'-TCGTCGGCAGCGTCAGATGTGTATA 
AGAGACAGCCTACGGGNGGCWGCAG-3' and V4-R: 
5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA 
GGACTACHVGGGTATCTAATCC -3'. The PCR product 

was purified with AMPure beads (Agencourt Bioscience, 
Berverly, MA, USA). Thereafter, 2 μL of the PCR product 
was amplified for final library construction using NexteraXT 
Indexed Primer. The PCR was run for 10 cycles at the condi-
tions mentioned above. Subsequently, the PCR product was 
purified with AMPure beads and quantified using qPCR ac-
cording to the qPCR quantification protocol guide (KAPA 
Library Quantification kits for Illumina Sequencing platforms) 
and qualified using the TapeStation D1000 ScreenTape sys-
tem (Agilent Technologies, Waldbronn, Germany). Paired-
end (2×300 bp) sequencing was performed using the MiSeq 
platform (Illumina, San Diego, CA, USA).

Bioinformatics
Bioinformatics analysis was performed using the quantitative 
insights into microbial ecology (QIIME) software version 
2.0. The paired-end raw sequence data were multiplexed and 
formatted into FASTQ files. To ensure high sequence quality, 
the adapter and reads with low Phred score of 20 (Q20 <20%) 
were trimmed using Cutadapt. Thereafter, the trimmed reads 
were quality-filtered, denoised, and merged, and the chimeras 
were removed using Divisive Amplicon Denoising Algo-
rithm (DADA) 2. Taxonomic assignments were determined 
for amplicon sequence variants (ASVs) using the q2-feature-
classifier plugin and a classifier based on the SILVA database 
(http://www.arb-silva.de). Sequencing data were arranged 
according to the experimental groups (CON, RPS5, and 
RPS10) for analytical purposes.

Microbial community and statistical analysis
Kruskal-Wallis test was performed to assess the alpha diver-
sity of the three diet groups (CON, RPS5, and RPS10) and of 
the two dpf groups (D0 and D20). In addition, Wilcoxon 
signed rank test was performed to compare differences in 
alpha diversities between any two groups among the three 
diet groups (CON vs RPS5, CON vs RPS10, RPS5 vs RPS10) 
and two dpf groups (0 dpf vs 20 dpf). All the statistical anal-
yses adopted a p-value of 0.05 as the cut-off value and linear 
discriminant analysis score of 2.0, using the QIIME software 
version 2.0. Beta diversity was measured using a weighted 
UniFrac distance matrix of the QIIME software. The cluster-
ing of bacterial communities according to RPS intake or 
experimental period was visualized using principal coordi-
nate analysis (PCoA) of the EMPerore tool [20]. Variations 
in microbiota composition during the experimental period 
and within each group at the phylum and genus levels were 
assessed. The dominant taxa, which accounted for >0.5% of 
the ASV tables, were arranged and the data were visualized 
using GraphPad Prism 7.0 (GraphPad Software Inc., San Diego, 
CA, USA). Linear discriminant analysis (LDA) effect size 
(LEfSe) was used to determine the specific effect on the rela-
tive abundance of taxa between CON and the two RS-fed 

Table 1. Composition of the experimental diets

Items

Contents (%)

Treatment groups1) Control 
group1)

RPS10 RPS5 CON

Ingredients
Corn 62.35 68.24 73.74
Soybean meal 44% 24.40 23.25 22.20
Soybean oil 0.10 0.33 0.86
L-Lysine-HCl 0.12 0.15 0.17
Dicalcium phosphate 1.20 1.15 1.15
Limestone 0.83 0.88 0.88
Vitamin-mineral premix2) 0.50 0.50 0.50
NaCl 0.50 0.50 0.50
Potato starch 10.00 5.00 -

Calculated composition
Metabolizable energy  
 (kcal/kg)

3,315 3,300 3,300

Crude protein 16.0 16.00 16.0
Lysine 0.95 0.95 0.95
Methionine 0.25 0.26 0.26
Calcium 0.66 0.66 0.66
Total protein 0.56 0.56 0.56

RPS, raw potato starch.
1) RPS, raw potato starch; CON, piglets fed corn/soybean control formula 
diet; RPS5, piglets fed control formula diet supplemented with 5% RPS; 
RPS10, piglets fed control formula diet supplemented with 10% RPS; dpf, 
days post feeding.
2) Values supplied per kilogram premix feed concentrations: Vitamin A, 
5,000,000 IU; Vitamin E, 1,000 mg; Vitamin B1, 150 mg; Vitamin B2, 300 
mg; Vitamin B12, 1,500 mg; Niacinamide, 1,500 mg; DL-calcium pantoth-
enate, 1,000 mg; Folic acid, 200 mg; Vitamin H, 10 mg; Choline chloride, 
2,000 mg; min 3,800 mg; Zinc, 1,500 mg; Iron, 4,000 mg; Cu, 500 mg; I, 
250 mg; Co, 100 mg; Mg, 200 mg.
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groups. Taxa with significance difference (p<0.05) between 
any two groups were used to build a LEfSe, and those with 
an LDA score >2.0 were considered to have a significantly 
altered taxa after RPS consumption compared consumption 
of control feed. Significant changes in SCFA concentrations 
between CON and RPS5 and CON and RPS10, were com-
pared using Student’s t-test using SPSS software version 22.0 
(IBM, Armonk, NY, USA). 

Measurement of SCFA concentrations
The fecal concentrations of SCFAs were determined using 
Agilent 6890 series gas chromatography (Agilent Technologies, 
Santa Clara, CA, USA) coupled with mass spectrometry, ac-
cording to the method described by Zhang et al [21] with 
slight modifications. One gram of fecal sample was added 
and homogenized in 10 mL distilled water and centrifuged 
at 12,000×g for 10 min at 20°C. After the supernatant was 
filtered using a 0.22 μm syringe filter, 5 μL sample was in-
jected into a 15.0 m×0.53 mm×0.5 μm NUKOL capillary 
column (Supelco, Bellefonte, PA, USA). Both the injector 
and detector were operated at 240°C with a split ratio of 
50:1. Hydrogen was used as the carrier gas at the flow rate of 
30 mL/min. The column temperature was programmed as 
follows: the initial column temperature was maintained at 
100°C for 5 min, followed by an increase at 5°C/min to 150°C 
and 30°C/min to 240°C, and then held at 240°C for 30 min.

Data availability
The sequencing data analyzed in this study has been depos-
ited in the NCBI Sequencing Read Archive (SRA) database 
under the accession number PRJNA771504.

RESULTS 

Growth traits during the experiment
Any obvious differences in health or behavior were not ob-
served in any group after consumption of the corn/soybean-
based control diet, which was partially replaced with 5% and 
10% RPS. BW and average daily gain (ADG) were affected 
by the diet in all the groups, and they tended to be higher in 
RPS10 at 20 dpf than in CON and RPS5 (Figure 1).

High throughput sequencing 
High-throughput sequencing was performed to compare 
the composition of bacterial communities in the fecal sam-
ples from pigs in the three treatment groups (CON, RPS5, 
and RPS10). Across all samples, 3,509,381 high-quality se-
quence reads were obtained after adapter and primer trimming 
(an average of 93,674±9,151 per sample), quality filtering 
(67,557±7,504), denoising (130,471±7,461), paired-end read 
merging (47,035±7,127), and chimera removal (29,408± 
5,161). The average length of the quality sequences was 
413±11.3 bp. The 2,621 ASVs, comprising archaea (n = 12) 
and unassigned taxa (n = 2,609), were removed from the da-
taset, resulting in 5,686 ASVs (Supplementary Table S1). The 
statistical estimates of richness for the 19,369 sequence sub-
sets from each sample at a genetic distance of 3% are shown 
in Figure 2. The rarefaction curves were plotted based on the 
number of ASVs. In all the libraries, the curve tended to ap-
proach the saturation plateau, indicating that the libraries in 
this study were large enough to capture most of the ASVs in 
each sample.

Effects of RPS feeding on bacterial diversity and 
community structure
The alpha diversity indices measured in the dietary groups 
20 dpf are shown in Figure 3. The Kruskal-Wallis test dem-
onstrated that the four alpha diversity indices, the number of 

Figure 1. Comparison of (A) body weight change and (B) average daily gain in CON, RPS5, and RPS10 during the experimental period (0 to 20 
dpf). RPS, raw potato starch; CON, piglets fed corn/soybean control formula diet; RPS5, piglets fed control formula diet supplemented with 5% 
RPS; RPS10, piglets fed control formula diet supplemented with 10% RPS; dpf, day post feeding.
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Figure 2. Rarefaction curves plotted based on the number of ASVs, showing richness of the intestinal microbiota observed in fecal samples from 
CON, RPS5, and RPS10 at 0 and 20 dpf. Comparison with phylogenetic diversity at 0 dpf. ASV, amplicon sequence variant; RPS, raw potato starch; 
CON, piglets fed corn/soybean control formula diet; RPS5, piglets fed control formula diet supplemented with 5% RPS; RPS10, piglets fed control 
formula diet supplemented with 10% RPS; dpf, days post feeding.

Figure 3. Comparison of alpha diversity between and within the fecal microbiota of CON, RPS5, and RPS10 at 0 and 20 dpf. The four indices in-
cluded the number of ASVs, Chao 1 richness indices, and Shannon and inverse Simpson diversity indices. ASV, amplicon sequence variant; RPS, 
raw potato starch; CON, piglets fed corn/soybean control formula diet; RPS5, piglets fed control formula diet supplemented with 5% RPS; RPS10, 
piglets fed control formula diet supplemented with 10% RPS; dpf, days post feeding.
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ASVs and Chao 1 for richness and Shannon and inverse 
Simpson indices for diversity were slightly lower in RPS5 
and RPS10 than in CON. 
 Beta-diversity analysis was performed to investigate the 
structure of the bacterial community and the results are pre-
sented as the PCoA ordination plot based on unweighted 
UniFrac distance matrices. PCoA analysis was performed to 
assess beta diversity among CON, RPS5, and RPS10 and the 
PCoA ordination showed that the variation of the first prin-
cipal component (PC1) and the second (PC2) were 29.76% 
and 22.15% at 0 dpf and 28.20% and 22.14% at 20 dpf, respec-
tively (Figure 4A). Compared to that at 0 dpf, the bacterial 
community in RPS5 exhibited movement towards the direc-
tion of the CON group in the first PC1 at 20 dpf, albeit with 

a separation with a shift upward along the PC2 axis. In con-
trast, the bacterial communities in RPS10 showed more 
similarities with those in CON, with a negative shift along 
the PC2 axis. The PCoA analysis also demonstrated obvious 
changes in the intestinal bacterial communities within each 
group from 0 to 20 dpf (Figure 4B). Overall, feeding a 100% 
corn/soybean formula diet resulted in an obvious shift right-
ward along the PC1 axis and a downward shift along the PC2 
axis from 0 to 20 dpf. Feeding RPS led to a shift in a direc-
tion opposite to that of CON, irrespective of the amount of 
RPS supplement. The PCoA structure of both RPS5 and 
RPS10 shifted leftward with negative values along the PC1 
axis, and upward with positive values along PC2. In contrast, 
a complete separation of bacterial community structure was 

Figure 4. PCoA based on the weighted Unifrac distance showing the 16S rRNA gene-based dissimilarities calculated from the number of ASVs. 
(A) Beta diversity and bacterial community structure of the intestinal microbiota among CON, RPS5, and RPS10 at the end of the experiment (20 
dpf). The center of the cluster of each group was determined based on the distribution of samples, representing the approximate average com-
munity composition. (B) Alteration in bacterial community structure during whole experimental period (0, 5, 10, 15, and 20 dpf) within each group. 
PCoA, principal coordinate analysis; ASV, amplicon sequence variant; RPS, raw potato starch; CON, piglets fed corn/soybean control formula diet; 
RPS5, piglets fed control formula diet supplemented with 5% RPS; RPS10, piglets fed control formula diet supplemented with 10% RPS; dpf, days 
post feeding.
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observed between 15 and 20 dpf in CON. Compared to that 
in CON, complete separation of the bacterial community 
was advanced by 5 days, which was observed between 10 
and 15 dpf in both RPS5 and RPS10.

Effects of RPS feeding on bacterial structure and 
composition
Metagenomics analysis using high-throughput sequencing 
identified 16 phyla, 35 classes, 62 orders, 108 families, 336 
genera, and 687 species across all samples. Among them, we 
used five phyla and 45 genera that comprised ≥0.5% of the 
microbial communities for further analysis (Supplementary 
Table S2). At the phylum level, Firmicutes (51.6% in CON, 
36.3% in RPS5, and 46.2% in RPS10) was the most domi-
nant, followed by Bacteroidetes (29.3% in CON, 29.6% in 
RPS5, and 26.9% in RPS10), Spirochaetes (9.3% in CON, 

17.0% in RPS5, and 16.5% in RPS10), Proteobacteria (9.2% 
in CON, 16.7% in RPS5, and 9.8% in RPS10), and Actino-
bacteria (0.1% in CON, 0.2% in RPS5, and 0.1% in RPS10) 
in all the tested groups at the beginning of the experiment 
(Figure 5A). At 20 dpf, Firmicutes (69.5% in CON, 66.4% in 
RPS5, and 69.6% in RPS10) and Bacteroidetes (22.2% in CON, 
22.0% in RPS5, and 17.8% in RPS10) were still predominant 
in all the groups. Furthermore, at 20 dpf the abundance of 
Firmicutes increased, while the abundance of Bacteriodetes, 
Proteobacteria (1.1% in CON, 2.1% in RPS5, and 3.4% in 
RPS10), and Spirochaetes (6.5% in CON, 8.8% in RPS5, and 
8.5% in RPS10) decreased compared to those at 0 dpf. The 
abundance of Spirochaetes and Actinobacteria in both RPS5 
and RPS10 groups was higher than that in CON. The Fir-
micutes to Bacteriodetes ratio (F/B ratio) in CON, RPS5, 
and RPS10, was 1.76, 1.22, and 1.72 at 0 dpf and reached 

Figure 5. Alteration in the intestinal microbiota composition (A) at phylum and (B) genus levels in CON, RPS5, and RPS10 at the beginning (0 dpf) 
and the end of the experiment (20 dpf). RPS, raw potato starch; CON, piglets fed corn/soybean control formula; RPS5, piglets fed control formula 
diet supplemented with 5% RPS; RPS10, piglets fed control formula diet supplemented with 10% RPS; dpf, days post feeding.
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3.13, 3.02, and 3.91 at 20 dpf, respectively. However, the Wil-
coxon rank-sum test results revealed that 5% and 10% RPS 
feeding did not significantly affect the relative abundance of 
fecal microbiota in any group at the phylum level. At the ge-
nus level, Streptococcus (15.8% in CON, 11.3% in RPS5, and 
12.1% in RPS10), Prevotella (11.35% in CON, 15.2% in RPS5, 
and 9.2% in RPS10), and Treponema (6.5% in CON, 8.7% in 
RPS5, and 8.5% in RPS10) were the three most predominant 
genera in the experimental groups at 20 dpf (Figure 5B). 
Among the 45 main genera (>0.5% in any of the three groups), 
the abundance of Roseburia (p = 0.0381) in RPS5 was higher 
than that in CON, whereas that of Barnesiella (p = 0.0190), 
Clostridium (p = 0.0095), Intestinimonas (p = 0.0095), and 
Mediterraneibacter (p = 0.0172) decreased. In RPS10, Olsenella 
(p = 0.0381) was more abundant, whereas Barnesiella (p = 
0.0095), Intestinimonas (p = 0.0095), Campylobacter (p = 
0.0422), Kineothrix (p = 0.0139), Paraprevotella (p = 0.0139), 
and Vallitalea (p = 0.0139) were less abundant compared to 
CON.
 The LEfSe analysis showed significant differences in the 
abundance of bacterial taxa from all ASVs between the CON 
and the two RPS-fed groups (Figure 6). In total, 2 orders, 2 
families, 3 genera, and 14 species were significantly more 
abundant in RPS5 than in CON. Whereas, 1 class, family, 
and order, 3 genera, and 4 species were significantly more 
abundant in RPS10 than those in CON. Among the 46 main 
genera in this study, only Roseburia with R. faecis were specifi-
cally enriched in RPS5 compared to that in CON. In RPS10, 
the abundance of class Coriobacteriia with the subtaxa order 
Coriobacteriales, family Atopobiaceae, genus Olsenella, and 
species O. umbonata increased significantly. The taxa related 
to the genera Roseburia, Abyssivirga, and Paraprevotella 
were significantly increased in RPS5, whereas those related 
to Olsenella and Eubacterium increased significantly in RPS10. 

Effect of RPS feeding on fecal SCFA concentration
SCFA concentrations were evaluated in fecal samples col-
lected at 20 dpf to investigate the effect of altered bacterial 
community structure and composition. As the changes in 
bacterial communities affected the concentration of SCFAs, 
the bacterial metabolic output differed between CON and 
RPS5 (Figure 7). In RPS5, the concentration of all the fecal 
SCFAs evaluated in this study tended to be higher than that 
in CON. Among them, the amounts of acetate (p = 0.0031), 
butyrate (p = 0.0232), valerate (p = 0.0095), and total SCFAs 
(p = 0.0067) were found to be higher than those in CON. 
However, the propionate, isobutyrate, and isovalerate levels 
were unaffected by 5% RPS consumption. In RPS10, all the 
fecal SCFA evaluated s in this study, except acetate, were 
lower than those in CON. Although the mean amount of 
acetate was higher in RPS10 compared to that in CON, the 
average total SCFAs were higher in CON than in RPS10.

DISCUSSION 

RPS is classified as RS type 2, which is not digested and ab-
sorbed in the small intestine because of its crystal structure 
within starch [10]. Owing to these characteristics, several 
studies have suggested that RPS consumption may lead to 
reduction in BW and ADG in pigs [6,12,13,22]. However, 
our study showed that both 5% and 10% RPS consumption 
did not significantly affect the BW and ADG of piglets dur-
ing the 20 d experimental period, complying with the results 
of a few other studies [11,16].
 RPS commonly passes through the small intestine and 
enters the large intestine. Subsequently, it is fermented in the 
large intestine, generating energy sources, such as SCFAs, for 
intestinal microbiota [16,23]. The concentration of total 
SCFAs, including those of acetate, butyrate, and valerate 
were increased in the fecal samples of piglets of RPS5 treat-

Figure 6. LEfSe revealed predicted biological effect sizes of differential taxa in fecal microbiota between (A) RPS5 and CON, (B) RPS10 and CON, 
and (C) RPS5 and RPS10 at 20 dpf. The LDA scores and cladogram show the statistically significant difference in the abundance and consistency 
of the detected bacterial taxa. LEfSe, linear discriminant analysis (LDA) effect size; CON, piglets fed corn/soybean control formula; RPS5, piglets 
fed control formula supplemented with 5% raw potato starch; RPS10, piglets fed control formula supplemented with 10% raw potato starch; dpf, 
days post feeding.
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ment group compared to those of CON. These results were 
supported by those of previous studies, which showed that 
RS feeding increased the weight of the total intestinal tract, 
indicating upregulation of fermentation activity and hence 
intestinal nutritional contents, including SCFAs [16,24]. Pre-
vious studies have also reported that RPS consumption can 
improve the intestinal mucosal barrier function, immuno-
logical tolerance, and generation of host defense peptides by 
altering gut bacterial composition and community structure, 
as well as the amounts of SCFAs in the host [11,23,25,26]; 
however, the total SFCA concentration did not increase in 
the RPS10 treatment group. Although other metabolites 
(e.g., succinate, lactate) might have been generated in RPS10, 
they were not measured in this study; hence, the overall re-
sults, including richness, diversity, and bacterial community 
alteration in RPS10 differed from those in RPS5, suggesting 
that feeding 5% RPS to weaned piglets for 20 d could im-
prove their gut health. 
 Complying with the results of previous studies [11,23,25] 
RPS5 and RPS10 did not differ significantly in the abun-
dance and diversity of bacterial communities. The results of 
this study revealed that Firmicutes and Bacteroidetes were 
the two most abundant phyla in all groups during the 20 d 
experimental period, consistent with the results of the previ-

ous studies [27,28]. We found that the F/B ratios of CON, 
RPS5, and RPS10 at 20 dpf were higher than those at 0 dpf 
by 1.37, 1.80, and 2.19 times, respectively. These results indi-
cate that the abundance of some bacterial groups belonging 
to the phylum Firmicutes increased when the piglets were 
fed 5% and 10% RPS-supplemented diets. Previous studies 
have also reported that heavy piglets commonly show a high 
F/B ratio [27,29]. Thus, the 1.3- and 1.6-fold higher F/B ratio 
in RPS5 and RPS10 may indicate that RPS consumption 
could improve the growth performance of piglets.
 Despite lack of significant changes at the phylum level, 
RPS feeding affected the abundance of several subtaxa and 
the bacterial composition at the genus and species levels. 
Compared to the control diet, consumption of 5% RPS sig-
nificantly increased the abundance of Roseburia, similar to 
the results of previous studies on RS2 consumption in hu-
mans [18,30]. Bacteria are known to play an important role 
in intestinal epithelial permeability by fermenting polysac-
charides and producing butyrate [18]. The concentration of 
fecal butyrate in RPS5 compared to that in CON indicated 
that Roseburia may contribute to an increase in butyrate 
production, providing piglet intestinal microbiota with a 
beneficial energy source [31]. In contrast, we observed a sig-
nificant increase in the abundance of Olsenella, in particular, 

Figure 7. SCFA concentration (mol/g) in fecal samples of CON, RPS5, and RPS10 at 20 dpf. Total SCFAs are the sum of the following SCFAs: ace-
tate, propionate, isobutyrate, butyrate, isovalerate, and valerate. SCFA, short chain fatty acid; RPS, raw potato starch; CON, piglets fed corn/soy-
bean control formula diet; RPS5, piglets fed control formula diet supplemented with 5% RPS; RPS10, piglets fed control formula diet supplement-
ed with 10% RPS; dpf, days post feeding. * p<0.05; ** p<0.01; *** p<0.001.
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O. umbonata (p = 0.0209) in RPS10, which are obligate an-
aerobes known to inhabit the gastrointestinal tract of pigs 
[32]. Further, our results suggest that feeding 10% RPS in-
duces an anaerobic intestinal environment. Additionally, as 
Olsenella umbonata is known to produce large amounts of 
lactic acid and small amounts of acetate by metabolizing 
glucose, there might be an increased production of lactic 
acid in the gastrointestinal tract of 10% RPS consuming pigs. 
Thus, Olsenella spp. might reduce the incidence of diarrhea, 
improve gut health, and promote the growth of piglets owing 
to these changes [32-34]. 
 In contrast, RPS consumption also reduced the abundance 
of several taxa. In both RPS5 and RPS10 treatment groups, 
the abundance of the genera Barnesiella and Intestinimonas 
decreased as observed by the reduction in B. intestinihominis 
and I. butyriciproducens population in RPS5 (p = 0.0190 and 
p = 0.0095, respectively) and RPS10 (p = 0.0095 and p = 
0.0095, respectively). Although several studies have reported 
the presence of Barnesiella and Intestinimonas in normal in-
testinal flora of healthy pigs, Hasan et al [35] suggested that 
they may act as opportunistic pathogens [36,37]. Further-
more, previous studies have reported that Barnesiella and B. 
intestinihominis produce succinate and acetate as end prod-
ucts of glucose metabolism [38], whereas, Intestinimonas 
and I. butyriciproducens can ferment and convert fructosyl-
lysine or lysine to acetate and butyrate [36,39]. Nevertheless, 
the relatively lower abundance of Barnesiella- and Intestin-
imonas-related taxa affected the concentrations of fecal acetate 
and butyrate negligibly.
 Furthermore, our results reveal that consumption of 5% 
RPS significantly reduced the abundance of Clostridium and 
Mediterraneibacter in this study. This diminished abundance 
of Clostridium was mainly due to a decrease in the abun-
dance of Clostridium saudiense (p = 0.0381) and Clostridium 
butyricum (p = 0.0131). C. saudiense has been isolated from 
the porcine digestive tract and its surroundings, and has 
been reported to correlate negatively with ADG, carcass 
weight, and butyrate content in pigs [40,41]. In contrast, C. 
butyricum is a butyrate-producing bacterium that has been 
suggested to promote pig growth and improve nutrient utili-
zation [42,43]; however, our results revealed that reduction 
in C. butyricum did not significantly affect butyrate produc-
tion in RPS5, consistent with previous reports that this species 
did not affect the growth performance or butyric acid content 
[44,45]. A few studies have also suggested that the reduction 
in M. faecis and M. glycyrrhizinilyticus abundance decreased 
the abundance of the genus Mediterraneibacter. M. faecis is 
known to produce acetate, propionate, and butyrate by de-
grading cellulose [46,47]; however, our results indicated that 
a decrease in the abundance of this species negligibly affect-
ed the production of these SFCAs in RPS5. Information 
regarding the function or characteristics of M. glycyrrhizini-

lyticus is still scarce, necessitating further studies regarding 
the specific functions of Clostridium and Mediterraneibacter 
in pig intestines. 
 Additionally, our results reveal that consumption of 10% 
RPS showed significant reduction in the abundance of Cam-
pylobacter, including C. lanienae (p = 0.0234). Campylobacter 
is the causative agent of enteritis in humans [48] whereas, in 
pigs, the bacterium is a natural inhabitant of the healthy in-
testine and is an opportunistic pathogen that can cause 
diarrhea [49]. The abundance of Kineothrix and Vallitalea 
was lower as observed by the reduction in the abundance of 
K. alysoide (p = 0.0139) and V. pronyensis (p = 0.0139), re-
spectively. K. alysoide is a saccharolytic butyrate-producing 
bacterium, which ferments glucose and produces acetate 
[50,51]; however, reduction in the abundance of these bacteria 
did not significantly affect acetate and butyrate production 
in this study. Furthermore, Paraprevotella and the subtaxon 
P. clara (p = 0.0139) were significantly less abundant in RPS 
fed groups than in CON. Complying with our results, the 
abundance of Paraprevotella and P. clara have been found to 
be lower in fecal samples of pigs and humans fed dietary fiber 
and RPS, respectively [52]. P. clara has been reported to pro-
duce succinate and acetate as the end products of glucose 
metabolism; however, the amount of acetate in the present 
study was negligibly affected by the decrease in the abun-
dance of this bacterium.
 Comparison between the two treatment groups revealed 
that Roseburia, Paraprevotella, and Abyssivirga were the most 
abundant genera in RPS5, whereas, Olsenella and Eubacteri-
um were the most abundant genera in RPS10. Paraprevotella 
can degrade cellulose and hemicellulose and Abyssivirga can 
ferment carbohydrates [53,54] thus, an increase in the abun-
dance of these genera post 5% RPS consumption may improve 
the nutritional availability and digestibility of high-fiber diets 
compared to that observed in 10% RPS consumption. How-
ever, their characteristics should be investigated further, as 
Abyssivirga has been isolated from human patients with atopic 
dermatitis [55]. In contrast, the abundance of Olsenella and 
Eubacterium-related taxa increased significantly in RPS10 
and this increase in the abundance of butyrate-producing 
bacteria, may reinforce porcine gut health and barrier func-
tion [56]; however, the increase in abundance of these two 
genera did not upregulate butyrate production in RPS10.

CONCLUSION

The present findings suggest that 5% RPS consumption can 
help maintain the balance of beneficial bacteria, promote 
SCFA production, and ultimately improve gut health of 
weaned piglets. Moreover, the results could improve the 
understanding of veterinary researchers regarding pig in-
testinal microbiota and determine the appropriate RPS-



1708  www.animbiosci.org

Yi et al (2022) Anim Biosci 35:1698-1710

supplemented diet formulation with an optimal feeding 
period. Consumption of 5% RPS for 20 d can promote the 
gut health and growth performance of weaned piglets, possibly 
by suppressing the growth of various intestinal pathogens. 
Further, nutritional immunology studies are needed to de-
termine the difference in the microbiota of pigs fed with 
5% and 10% RPS and to clarify the mechanisms underly-
ing the immune responses in these pigs.
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