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Abstract

In the current study, we hypothesized that an increase in dietary ileal indigestible protein concentration induces an increase in hindgut nitrogen
utilization and nitrogen excretion and a shift in fecal microbiota in growing pigs, when compared to pigs given a high total protein diet. Three diets
were prepared: 1) standard protein diet based on corn and soybean meal, 2) high-indigestible protein diet in which autoclaved, low-digestible
soybean meal replaced soybean meal in the first diet, and 3) high protein diet where the inclusion rate of soybean meal was greater than that of
the other diets. The 3 diets were fed to 18 barrows that were fitted with T-cannula at the ileo-cecal junction (initial body weight = 63.4 + 8.0 kg)
in a randomized complete block design with body weight as a blocking factor. Pigs were individually housed in pens and the experiment lasted
for 23 d. On days 7 and 21, fecal samples were collected by rectal massage for microbiota analysis. Grab samples of feces were collected on
days 20 and 21, and ileal digesta were collected on days 22 and 23 for the determination of energy and nitrogen utilization. Lower apparent ileal
digestibility of nitrogen in the high-indigestible protein diet containing autoclaved soybean meal resulted in greater ileal indigestible nitrogen
concentration (P < 0.05). Apparent total tract digestibility of nitrogen was lower (P < 0.05), and correspondingly nitrogen concentration and daily
fecal nitrogen output were greater (P < 0.05) in the high-indigestible protein diet compared with the other diets. Apparent post-ileal digestibility
and hindgut disappearance of nitrogen and gross energy were the greatest (P < 0.05) in the high protein diet, whereas a statistical difference
was not observed in those variables between the standard protein diet and the high-indigestible protein diet. Beta diversity metrics of feces in
the high-indigestible protein diet on day 21 were different (g < 0.05) from those in the other two diets, which indicates a shift in microbial com-
munities. According to the results of the DESeq?2, the direction of microbiota shift induced by the high-indigestible protein diet may have reduced
fiber utilization in the hindgut. In conclusion, an increase in dietary ileal indigestible protein concentration increased fecal nitrogen excretion and
shifted fecal microbial communities but did not increase nitrogen utilization in the hindgut.

Lay Summary

Dietary protein concentration has been gradually reduced because reductions in protein concentration in swine diets are known to be beneficial
in terms of feed costs, nitrogen excretion, and intestinal microbiota. However, ileal indigestible protein concentration may be more influential in
those variables of pigs compared with total protein concentration in diets because ileal indigestible protein considers both protein concentration
and digestibility of diets. In the current study, three diets were prepared: 1) corn-soybean meal diet, 2) high-indigestible protein diet replacing
soybean meal in the first diet with autoclaved soybean meal, and 3) high protein diet where the inclusion rate of soybean meal was greater than
that of the other diets. The experimental diets were fed to cannulated pigs and ileal digesta and fecal samples were collected. Fecal nitrogen
output was greater in pigs fed the high-indigestible protein diet. Fecal microbiota was shifted by the high-indigestible protein diet, and this shift
may not be beneficial. In conclusion, the impact of changes in ileal indigestible protein on fecal nitrogen excretion and fecal microbiota may be
greater compared to changes in total protein concentration of diets in growing pigs.
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Introduction system compared with the metabolizable energy system
(Le Bellego and Noblet, 2002). Furthermore, reducing pro-
tein concentration in diets may be beneficial to the colonic
microbial community and gut health of pigs (Heo et al.,
2008). Proteins and peptides that are not absorbed by the
end of the small intestine flow into the large intestine and
are subsequently degraded into AA by microbial proteases
and hydrolases in the hindgut which can be decarboxyl-
ated or deaminated (Lammers-Jannink, 2022). If AA are

Swine nutritionists have been striving to reduce dietary
protein concentration by replacing conventional protein
sources such as soybean meal with crystalline amino acids
(AA), which allows for meeting requirements of indis-
pensable AA but reduces feed costs and nitrogen excre-
tion (Wang et al., 2018). Reducing protein concentration
in swine diets is also advantageous because energetic effi-
ciency of protein is relatively devalued in the net energy
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decarboxylated, amine and carbon dioxide are released.
On the other hand, deamination of AA releases ammonia
and keto acids. The resulting keto acids can be incorpo-
rated into bacteria as microbial proteins or enter catabolic
pathways. Keto acids can provide energy to intestinal
cells in the hindgut or be fermented into products such
as fatty acids, indole, and phenol by hindgut microbiota.
Although not all of these products are detrimental (Oliph-
ant and Allen-Vercoe, 2019), efforts to minimize hindgut
microbial nitrogen metabolism is ongoing because of the
potential toxicity of some products such as amine, ammo-
nia, indole, and phenol at high concentration. The intes-
tinal nitrogenous compounds include undigested dietary
protein, endogenous loss, and microbial protein. Among
these factors, the amount of intestinal nitrogenous com-
pounds is largely affected by diet in most cases. Hindgut
nitrogen metabolism is likely to be lower in response to a
decrease in dietary protein concentration, which leads to
decreased proliferation of bacteria preferentially utilizing
nitrogen such as coliforms and pathogenic E.coli, as well
as decreased production of detrimental metabolites (Heo
et al., 2008).

Bioavailability of dietary protein is another fac-
tor affecting hindgut nitrogen metabolism because the
amount of nitrogen that flows into the large intestine is
also affected by ileal digestibility of protein in diets. For
this reason, hindgut nitrogen utilization and fecal nitro-
gen excretion may be more correlated with dietary ileal
indigestible protein concentration compared with total
protein concentration in diets. However, information
on the effect of ileal indigestible protein on fecal nitro-
gen excretion and fecal microbiota is limited. In the most
recent studies, ileal nitrogen flow was not measured, and
experimental diets were formulated to reduce total pro-
tein concentrations (Yu et al., 2019; Zhang et al., 2020;
Wang et al., 2021). Furthermore, dietary fiber concentra-
tion was slightly changed because dietary protein concen-
tration was modified by partially replacing grain sources
(e.g., corn and wheat) with a protein source (e.g., soybean
meal). Considering that dietary fiber is one of the critical
factors affecting nutrient digestibility and microbial com-
munities (Jha and Berrocoso, 2016), the previous studies
might have been confounded. For this reason, Elling-Sta-
ats et al. (2022) suggested that applying heat damage on
feed ingredients may be a suitable model for contrasting
indigestible protein in diets without changing dietary fiber,
and autoclaving is widely used to induce heat damage of
feeds in animal nutrition studies (Sung et al., 2022b). For
these reasons, the objective of the current study was to
test the hypothesis that an increase in dietary ileal indi-
gestible protein concentration induces an increase in hind-
gut nitrogen utilization and fecal nitrogen excretion and a
shift in fecal microbiota in growing pigs, when compared
to pigs given a high total protein diet. Contrast in ileal
indigestible protein concentration among diets was cre-
ated by autoclaving.

Materials and Methods

All protocols used in the study were approved by the Purdue
University Animal Care and Use Committee (West Lafayette,
IN).
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Diets, animals, and experimental design

Soybean meal from the same batch was divided into two
portions and, one of these portions was autoclaved at 135
°C for 60 min, while the other was not autoclaved. Dietary
treatments consisted of a standard protein diet, high-indi-
gestible protein diet, and high protein diet (Table 1). The
standard protein diet or high-indigestible protein diet con-
tained 216 g/kg of non-autoclaved or autoclaved soybean
meal, respectively. The standard protein diet met standard-
ized ileal digestible AA requirements (NRC, 2012) by sup-
plementing lysine, methionine, and threonine, which are the
most widely used crystalline AA in the industry. The inclu-
sion rate of non-autoclaved soybean meal in the high protein
diet was 286 g/kg to increase total protein concentration by
30 g/kg compared to the other diets. Three diets were fed to
18 barrows that were fitted with T-cannula at the ileo-ce-
cal junction (initial body weight = 63.4 = 8.0 kg; Dilger et
al., 2004) in a randomized complete block design with body
weight as a blocking factor. Pigs were individually housed in
pens equipped with a feeder and a nipple drinker. Daily feed

Table 1. Ingredient and chemical composition of the experimental diets
(as-fed basis)'

Item Standard High-indigestible High
protein protein protein

Ingredient, g/kg
Corn 418.7 418.7 418.7
SBM 216.0 - 286.0
Autoclaved SBM? - 216.0 -
Cornstarch 250.0 250.0 183.5
Wheat bran 50.0 50.0 50.0
Soybean oil 10.0 10.0 10.0
MCP 7.1 7.1 7.1
Limestone 10.8 10.8 10.8
Salt 4.0 4.0 4.0
L-Lysine HCI 2.1 2.1 -
DL-Methionine 0.7 0.7 -
L-Threonine 0.7 0.7 -
Cr,0, premix’ 25.0 25.0 25.0
Vit-min premix* 5.0 5.0 5.0
Total 1,000.0 1,000.0 1,000.0

Analyzed composition®
DM, g/kg 866 862 867
GE, kcal/kg 3,840 3,799 3,872
CP, g/kg 137 138 166
NDF, g/kg 63 129 67

'MCP, monocalcium phosphate; SBM, soybean meal; Vit-min premix,
vitamin-mineral premix.

2Autoclaved at 135 °C for 60 min.

35 g chromic oxide plus 20 g ground corn.

“Provided the following quantities per kg of complete diet: vitamin A,
8,575 1U; vitamin D, 4,300 IU; vitamin E, 28.6 IU; menadione, 7.3 mg;
riboflavin, 9.2 mg; D-pantothenic acid, 18.3 mg; niacin, 73.5 mg; choline
chloride, 1,285 mg; vitamin B ,, 0.02 mg; biotin, 0.09 mg; thiamine
mononitrate, 3.7 mg; folic acid, 1.7 mg; pyridoxine hydrochloride, 5.5 mg;
I, 1.9 mg as calcium iodate; Mn, 180 mg as manganese sulfate; Cu, 7.4 mg
as copper sulfate; Fe, 73.5 mg as ferrous sulfate; Zn, 180 mg as zinc
sulfate; Se, 0.4 mg.

SCP, crude protein; DM, dry matter; GE, gross energy; NDF, neutral
detergent fiber.
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allowance was provided at 3.5% of mean body weight of

each block.

Sampling

On the morning of days 7 and 21, fecal samples were col-
lected by rectal massage, and subsamples were immediately
transferred to MagAttract PowerMicrobiome DNA/RNA
kit (Qiagen, Artois, CA). For energy and nitrogen digestibil-
ity estimation, grab samples of feces were collected on days
20 and 21. On days 22 and 23, plastic sample bags (Whirl-
Pak bag, NASCO, Fort Atkinson, WI) containing 10 mL of
10% formic acid were attached to T-cannulas to collect ileal
digesta samples for 9 h. Plastic sample bags were changed
every 30 min and immediately stored at -20 °C. Frozen ileal
digesta samples were slightly thawed, pooled within each pig,
and stored again at -20 °C.

Chemical analysis

Frozen ileal digesta samples were lyophilized. Fecal samples
collected by grab sampling were dried at 55 °C in a forced-air
drying oven until constant weight. Samples of soybean meal,
experimental diets, ileal digesta, and feces were finely ground.
Ground samples were analyzed for dry matter by drying at
105 °C for 24 h in a forced-air drying oven (Precision Scien-
tific Co., Chicago, IL; method 934.01; AOAC, 2005) and for
nitrogen by the combustion method (model FP2000; LECO
Corp., St. Joseph, MI; method 990.03; AOAC, 2005). The
concentration of crude protein was calculated by multiply-
ing the product of nitrogen concentration and 6.25. Ground
samples of the experimental diets, ileal digesta, and feces were
analyzed for the concentration of chromium as reported by
Fenton and Fenton (1979). Ground samples were also ana-
lyzed for energy by isoperibol bomb calorimeter (model 6200;
Parr Instrument Co., Moline, IL). In addition, ground samples
of the experimental diets were analyzed for neutral detergent
fiber (Van Soest et al., 1991).

Microbiome library preparation and analysis

Total DNA was extracted from fecal samples collected on
days 7 and 21 using the MagAttract PowerMicrobiome
DNA/RNA kit (Qiagen, Artois, CA) based on the manufac-
turer’s procedures. The V4 region of 165 rRNA gene library
preparation was conducted based on the procedure of Abra-
ham et al. (2021). Sequences of 16S amplicons were analyzed
using Qiime2 (Version 2021.11). Overlapped paired-end
reads were denoised by the DADA2 pipeline and by remov-
ing the first 13 bases in the forward and reverse reads. The
representative sequences were extracted using “feature-ta-
ble” plugins, and assigned by taxonomy via “feature-classi-
fier”. Amplicon sequence variants (ASV) were classified with
99% similarity against the Silva 138 database (Quast et al.,
2013). Samples were rarefied at 20,000 sequences based on
rarefaction plotting. As a result, four samples at days 7 and 21
were excluded from the final analysis. Overall, the number of
observations for microbiota analysis at days 7 and 21 in each
diet was five (standard protein diet), five (high-indigestible
protein diet), and four (high protein diet), respectively. The
function of “giime diversity core-metrics-phylogenetic” was
used to generate alpha and beta diversity distance matrices.
The functional profiles of metabolic pathways in each diet
were investigated using PICRUSt2 (Version 2.4.2; phyloge-
netic investigation of communities by reconstruction of unob-
served states; Douglas et al., 2020).

Calculation and statistical analysis

The apparent ileal digestibility (AID) and apparent total tract
digestibility (ATTD) of nitrogen were calculated using the
index method (Sung et al., 2020).

AID or ATTD of nitrogen (%) = 100 x [1 - (dietary chro-
mium + ileal or fecal chromium) + (dietary nitrogen = ileal or
fecal nitrogen)].

Chromium and nitrogen concentrations are expressed as g/
kg dry matter.

Apparent post-ileal digestibility (APID) of nitrogen defined
as the proportion of ileal indigestible nitrogen that is digested
and absorbed in the large intestine was also calculated as fol-
lows:

APID of nitrogen (%) = 100 x [1 - (ileal chromium =+ fecal
chromium) + (ileal nitrogen + fecal nitrogen)].

Hindgut disappearance of nitrogen was calculated as fol-
lows:

Hindgut disappearance, % = ATTD (%) — AID (%).

Daily fecal nitrogen output was calculated as follows:

Daily fecal nitrogen output (g/d) = nitrogen concentration
in diet (g/kg) x daily feed intake (kg/d) x [100 — ATTD of
nitrogen (%)] + 100.

Values of AID, ATTD, APID, and hindgut disappearance of
gross energy (GE) were also calculated using the aforemen-
tioned equations.

Energy and nitrogen utilization data were analyzed using
the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) as a
randomized complete block design using a pig as the exper-
imental unit and model that included diet as a fixed vari-
able and block as a random variable. Least square means
for each treatment were calculated, and differences among
least squares means were tested using the PDIFF option with
Tukey’s adjustment.

For microbiome analysis, R (Version 4.1.3) was used. Anal-
ysis of variance followed by Tukey’s post hoc test was used if
alpha diversity metrics were normally distributed, otherwise
the Kruskal-Wallis test was conducted. Principal coordinate
analysis was conducted to estimate dissimilarity of microbi-
ota communities. Significance in dissimilarity was determined
in Qiime2 using the permutational multivariate analysis of
variance test, and the false discovery rate-adjusted P-value
was used for multiple comparisons. Difference in abundance
of genus and metabolic pathways were determined using
the DESeq2 and PICRUSt2 functions, respectively. Detail in
selected metabolic pathways was adapted from https://meta-
cyc.org/. Alpha level of 0.05 was used to declare significance.
Qiime2 commands and R scripts are available at https:/
github.com/Jung-purdue/2021-31-Indigestible-protein-in-

pigs.

Results

The AID of GE was greater (P < 0.05) in the standard pro-
tein diet compared with the high-indigestible protein diet and
high protein diet (Table 2). The AID of nitrogen was the low-
est in the high-indigestible protein diet, which resulted in the
highest ileal indigestible nitrogen concentration (P < 0.05). In
terms of total tract digestibility, ATTD of GE and nitrogen in
the high-indigestible protein diet was lower (P < 0.05) than
that of the other diets. Fecal nitrogen concentration, daily
fecal nitrogen output, and total tract indigestible nitrogen
were the greatest (P < 0.05) in the high-indigestible protein
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Table 2. Energy and nitrogen utilization in the experimental diets fed to growing pigs'

Item? Standard protein  High-indigestible protein ~ High protein SEM P-value
Ileal
AID of GE, % 77.5° 70.9> 70.4> 1.2 0.003
AID of N, % 75.5¢ 48.6° 72.6° 1.5 <0.001
Ileal indigestible N, g/kg 5.4 11.3¢ 7.3b 0.3 <0.001
Total tract
ATTD of GE, % 87.02 80.3" 87.42 0.7 <0.001
ATTD of N, % 82.32 54.6° 85.0% 1.4 <0.001
Fecal N concentration, g/kg 32.1° 58.8¢ 33.7 0.9 <0.001
Total tract indigestible N, g/kg 3.90 10.02 4.0° 0.3 <0.001
Fecal N output, g/d 9.5b 24.5° 9.8" 1.1 <0.001
Hindgut, %
Hindgut disappearance of GE 9.5> 9.4> 17.0 1.1 0.001
Hindgut disappearance of N 6.8° 5.9v 12.6° 1.6 0.020
APID of GE 41.5% 32.10 57.5° 2.9 <0.001
APID of N 26.8° 11.4° 46.0° 4.5 0.001

'Each least squares mean represents six observations except for AID in high protein diet (7 = 5).
2AID, apparent ileal digestibility; APID, apparent post-ileal digestibility; ATTD, apparent total tract digestibility; GE, gross energy; N, nitrogen.
»b<Least squares means within a row without a common superscript differ (P < 0.05).

diet. The APID of GE and nitrogen as well as hindgut dis-
appearance were greater (P < 0.05) in the high protein diet
compared with the other two diets.

For fecal microbial communities, differences in alpha
diversity metrics on days 7 and 21 (Shannon index, Pielou’s
evenness, Observed features, and Faith PD) due to dietary
treatments were not observed. Differences in beta diversity
metrics (Bray—Curtis, Jaccard, Unweighted UniFrac, and
Weighted UniFrac) were not observed on day 7, but on day
21, the high-indigestible protein diet group was different
(q <0.05) from those of the standard protein and high pro-
tein diet groups by all beta diversity metrics indicating that
fecal microbiota was shifted by changing the ileal indigestible
protein concentration (Figure 1).

To see if this shift was beneficial or detrimental to the host
animal, the average relative abundance of the fecal microbi-
ota was compared, and changes in ASV of each genus were
statistically compared. On day 21, the sum of the relative
abundance of Bacteroidota and Firmicutes was greater in the
high-indigestible protein diet (Figure 2A). At the genus level,
multiple Lactobacillus ASV increased in relative abundance,
whereas the relative abundance of p-2534-18B5_gut_group,
Prevotellaceae_UCG-001, and Treponema ASV decreased in
the high-indigestible protein diet compared with both the
other diets (P < 0.05; Figure 3). Based on PICRUST2, path-
ways involved in long-chain fatty acids synthesis (PWY-6284,
PWY-6285, PWY-6113, etc.) were less abundant (P < 0.05)
in the high-indigestible protein diet compared with the other
two diets on day 21 (Figures 4-6).

Discussion

In the current study, autoclaved soybean meal was included
in the high-indigestible protein diet to induce a change in ileal
indigestible protein concentration without altering dietary
fiber concentration. Protein concentration in the high protein
diet was formulated to be 30 g/kg greater compared with the
standard protein diet, which has been widely used to formu-

late high protein diets for nursery and growing-finishing pigs
(Fan et al., 2017; Chen et al., 2018; Yu et al., 2019). To our
knowledge, the current study is the first to compare the effect
of changes in ileal indigestible protein and total protein con-
centration in the diet of growing pigs. Because ileal indigestible
protein concentration considers both protein concentration
and quality of diets, an increase in dietary ileal indigestible
protein concentration was expected to induce an increase in
hindgut nitrogen utilization and fecal nitrogen excretion and
a shift in fecal microbiota in growing pigs, when compared to
pigs given a high total protein diet.

According to digestibility values of standard protein diet
and high-indigestible protein diet, autoclaved soybean meal
had lower AID and ATTD of GE and nitrogen compared to
normal soybean meal as previously noted in a publication
by Gonzélez-Vega et al. (2011). Decreased nitrogen digest-
ibility of autoclaved soybean meal is attributed to conversion
of L-form AA into D-form AA (racemization) and binding
between reducing sugars and free AA (Maillard reaction),
which makes AA to be less biologically available (Sung et al.,
2022b). The greater neutral detergent fiber concentration in
the high-indigestible protein diet (129 g/kg) compared to the
other two diets (63 and 67 g/kg, respectively) is also attribut-
able to the Maillard reaction (Almeida et al., 2014). During
autoclaving soybean meal, some of the products derived from
the Maillard reaction form a lignin-like matrix which is con-
tained in, and analyzed as neutral detergent fiber. For this
reason, neutral detergent fiber concentration in soybean meal
is one of the indicators of heat damage. However, there is
no report on the biological function of heat damage-induced
increase in neutral detergent fiber. The AID of GE was also
less in the high protein diet compared with the standard pro-
tein diet, whereas there was no difference in ATTD of GE
and nitrogen between the standard and high protein diets
because hindgut disappearance was greater in pigs fed the
high protein diet. Considering that fiber concentration would
be expected to be greater in the high protein diet, the amount
of undigested nutrients flowing into the large intestine would
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Figure 4. Comparison between the standard protein diet and
high-indigestible protein diet at day 21 using PICRUSt2 (Standard

CP = standard protein diet and High-indigestible CP = high-indigestible
protein diet). Values greater than zero indicate enrichment in the standard
protein diet, while values less than zero indicate enrichment in the high-
indigestible protein diet.

intuitively be greater because dietary fiber reduces the diges-
tion and absorption of nutrients in the small intestine (Choi
et al., 2020). In addition, microbes in the large intestine uti-

lizes more dietary fiber compared to the small intestine, which
also contributes to greater hindgut fermentation. However,
there was little difference in dietary fiber concentration (63
and 67 g/kg neutral detergent fiber, respectively) and thus, the
current numerical difference in hindgut disappearance of GE
and nitrogen between the high protein diet and the other two
diets was greater than expected. Furthermore, the propor-
tion of ileal indigestible GE and nitrogen that is digested and
absorbed in the large intestine was greater in the high protein
diet considering greater values of APID of GE and nitrogen.
The reason is not clear, but it is speculated that there was
a synergetic interaction between nitrogen and fiber on hind-
gut fermentation in pigs fed the high protein diet. However,
microbiota-related evidence (e.g., DESeq2 and PICRUSt2) of
the greater hindgut utilization of GE and nitrogen in the high
protein diet group compared to the standard protein group
was not observed in the current study.

Fecal nitrogen concentration and daily fecal nitrogen out-
put in the current study were more susceptible to change in
ileal indigestible nitrogen compared to total nitrogen con-
centration in diets. Although formulating diets based on
total tract indigestible nitrogen may be the most accurate to
estimate fecal nitrogen excretion, using total tract indigest-
ible nitrogen is not practical because ileal digestibility is the
standard method of estimating nitrogen and AA digestibil-
ity (Sung et al., 2022a). Urinary nitrogen output generally
increases with increasing total dietary protein concentration
(Kim et al., 2022). However, urinary nitrogen is also depen-
dent on the biological value of dietary nitrogen (NRC, 2012).
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Figure 5. Comparison between the high-indigestible protein diet and high protein diet at day 21 using PICRUSt2 (High-indigestible CP = high-
indigestible protein diet and High CP = high protein diet). Values greater than zero indicate enrichment in the high protein diet, while values less than

zero indicate enrichment in the high-indigestible protein diet.

Predominance Pathway Detail

Standard CP, high CP = high-indigestible CP  PWY-6284 Unsaturated long-chain fatty acids biosynthesis
Standard CP, high CP > high-indigestible CP  PWY-6285 Unsamrated long-chain fatty acids biosynthesis

High CP > high-indigestible CP PWY-6113 Mycolate (one of long-chain fatty acids) biosynthesis
High CP > high-indigestible CP PWYO0-862 Anaerobic biosynthesis of the unsaturated fatty acid

High-indigestible CP > Standard CP

High-indigestible CP > high CP PI22-PWY

TEICHOICACID-PWY

Teichoic acid biosynthesis
Heterolactic fermentation

Figure 6. Detail in selected metabolic pathways from Figures 4 and 5 (Standard CP = standard protein diet, High-indigestible CP = high-indigestible
protein diet, and High CP = high protein diet; detail was adapted from https://metacyc.org/).

To be specific, urinary nitrogen output increases when the
efficiency of protein synthesis decreases because absorbed AA
not used for synthesizing proteins are excreted through urine
mostly as urea. Considering that lysine is heat-labile and a key
AA for protein synthesis, urinary nitrogen output in pigs fed
the high-indigestible protein diet in the current study would
be expected to be the greatest because autoclaving soybean
meal might induce a larger decrease in ileal digestible lysine
compared to other AA, which causes AA imbalance (Sung et
al., 2022b).

Hindgut disappearance and APID values in the high-indi-
gestible protein diet were less compared to the high protein
diet, and not different from those in the standard protein
diet. The hypothesis of the current study, therefore, was not
confirmed as hindgut nitrogen utilization was expected to be
greatest in the high-indigestible protein diet group because
of the greater amount of substrate. Rather, APID of nitrogen
in the high-indigestible protein diet was numerically much
less compared to the other two diets (11.4% vs. 26.8% and
46.0%), which indicates that the degree of nitrogen utilization
in the large intestine was lower despite the greater amount of
nitrogen flowing into the large intestine. Based on the current
results, nitrogen utilization in the hindgut may be inhibited in
an indigestible nitrogen-rich environment.

Nutrients flowing into the large intestine of pigs are exten-
sively utilized by the hindgut microbial populations rather
than the host animal (NRC, 2012). For this reason, the hind-
gut nutrient utilization may be largely dependent on the
microbial population. The form or concentration of dietary

protein fed to pigs at various stages of growth did not affect
alpha diversity and beta diversity metrics in most of the pre-
vious studies (Luo et al., 2015; Chen et al., 2018; Zhang et
al., 2020). Although increasing dietary protein concentration
may increase the proliferation of some detrimental bacteria
such as coliforms and pathogenic E.coli, the impact of this
change might not be sufficient to induce overall change in
microbial communities (Li et al., 2020). In the current study,
there was no difference in alpha and beta diversity metrics
except for beta diversity on day 21. The little change in diver-
sity metrics on day 7 may be attributed to limited time for
microbiota to adapt to diets because in some studies at least
3 wk of adaptation to a new diet are required for resilience of
hindgut microbiota in growing pigs (Le Sciellour et al., 2018).
Significant differences in beta diversity metrics on day 21
derived from the high-indigestible protein diet indicate that
the impact of ileal indigestible protein on overall fecal micro-
bial communities may be greater than that of total dietary
protein concentration.

At the phylum level, the sum of the relative abundance of
Bacteroidota and Firmicutes on day 21 was greater in the
high-indigestible protein diet. Considering that many species
in these phyla are anaerobic and nitrogen-fermenting (Wang
et al., 2018), the direction of microbiota shift induced by
the high-indigestible protein diet may have stimulated pro-
tein fermentation, which was not the case because of lower
hindgut disappearance and APID of nitrogen. On day 21,
three and two Lactobacillus ASV decreased in relative abun-
dance in pigs fed the standard protein and high protein diets
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compared with the high-indigestible protein group. Gener-
ally, Lactobacillus is regarded to be beneficial (Zhang et al.,
2020), but recent studies have revealed the potential role of
Lactobacillus in proteolytic fermentation in the large intestine
(Davila et al., 2013; Zhou et al., 2016; Yu et al., 2019). In
the study of Zhou et al. (2016) and Yu et al. (2019), reduc-
ing protein concentrations in diets from 160 to 130 g/kg
decreased relative abundance of Lactobacillus in the cecum
and colonic digesta of growing-finishing pigs, respectively.
From this point of view, it is not clear why a difference in
the relative abundance of Lactobacillus between the standard
protein (137 g/kg of protein) and high protein diet groups
(166 g/kg of protein) was not observed in the current study.
The discrepancy between the current and previous studies is
partially explained by dietary fiber concentration. In the two
previous studies (Zhou et al., 2016; Yu et al., 2019), the inclu-
sion rate of wheat bran in the 160 g/kg-protein diets (60 g/
kg) was greater than that in the 130 g/kg-protein diets (30 g/
kg). Considering that wheat bran is a high-fiber ingredient
(Choi et al., 2020), the difference in AID of nitrogen between
the two diets is expected to have been greater in the previous
studies compared with the current study, resulting in a greater
difference in nitrogen flow to the hindgut. In contrast to the
previous studies, the inclusion rate of wheat bran among diets
was constant in the current study, and cornstarch in the stan-
dard protein diet was replaced by soybean meal to prepare
the high protein diet. Despite the greater relative abundance
of Lactobacillus in the high-indigestible protein diet group,
which is a potential nitrogen-fermenting bacterium, nitrogen
utilization was the numerically lowest in the high-indigestible
protein diet group, which remains unclear.

On day 21, the relative abundance of p-2534-18B5_gut_
group, Prevotellaceae_UCG-001, and Treponema ASV in
feces was greater in pigs fed the standard protein and high
protein diets compared to pigs fed the high-indigestible pro-
tein diet. These genera have been found to be abundant in an
environment where fermentation or digestion of dietary fiber
is active (Le Sciellour et al., 2018; Sutton et al., 2021; Qiu et
al., 2022). Therefore, fiber utilization of the standard protein
and high protein diets in the large intestine may have been
greater compared to the high-indigestible protein diet.

Analysis of PICRUSt2 was conducted in the current study
to predict the abundance of bacterial metabolic pathways
based on community composition profiles (Douglas et al.,
2020), and metagenome functions predicted by PIRCRUST2
may represent pathways that occurred in the swine intestinal
tract bacterial community. Compared to the high-indigestible
protein diet group, several pathways favoring biosynthesis of
long-chain fatty acids (PWY-6284, PWY-6285, PWY-6113,
etc.) were more abundant in the standard protein and high
protein diet groups. Although intestinal microbiota can syn-
thesize long-chain fatty acids by elongating short-chain fatty
acids, these pathways may not be supportive of greater fiber
fermentation because short-chain fatty acids such as acetate,
propionate, and butyrate are major end-products of fiber
fermentation rather than long-chain fatty acids (Jha and
Berrocoso, 2016). Pathways TEICHOICACID-PWY and
P122-PWY were more abundant in the high-indigestible pro-
tein group compared to the standard protein and high protein
diet groups, respectively, which is supported by Kheirandish
et al. (2022) where relative abundance of Lactobacillus was
positively correlated with these pathways. The pathway
P122-PWY is related to fermentation of carbohydrate to eth-

Journal of Animal Science, 2023, Vol. 101

anol and lactate (Jensen et al., 2022). Considering that Lac-
tobacillus is one of the bacteria which produces lactate, the
increased relative abundance of multiple Lactobacillus ASV
likely contributed to the increased abundance of P122-PWY
in the high-indigestible protein group.

One of the limitations of the current research is a lack
of equalization of ileal digestible indispensable AA. As AA
digestibility of non-autoclaved and autoclaved soybean meal
used in the current study had not been determined, addi-
tional crystalline AA were not included in the high-indigest-
ible protein diet to compensate for reduced AA digestibility
by autoclaving. Furthermore, autoclaving might affect fiber
utilization of soybean meal in pigs, and subsequently, affect
gut microbiota, which can be a potential confounding effect.
Finally, from a practical point of view, it may be difficult to
reduce ileal indigestible protein concentration of corn-soy-
bean meal-based diets in growing-finishing pigs because AA
digestibility of these ingredients in growing-finishing pigs is
high. When considering lower nitrogen and AA digestibil-
ity due to an immature digestive system, nursery pig diets
should be targeted to reduce indigestible protein concentra-
tion. More specifically, the use of high-quality soy protein and
animal protein sources, exogenous protease or both may be
necessary.

Conclusions

An increase in ileal indigestible protein concentration
increased fecal nitrogen excretion and induced shifts in micro-
bial communities. Nitrogen and fiber utilization in the hindgut
may be inhibited in an indigestible nitrogen-rich environment.
Based on the current results, formulating swine diets toward
reducing indigestible protein concentration rather than reduc-
ing total dietary protein concentration may be a more sound
approach to reduce fecal nitrogen excretion.
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