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The mammalian intestine harbors heterogeneous distribution of microbes among which specific taxa (e.g. Lactobacillus) dominate
across mammals. Deterministic factors such as nutrient availability and utilization may affect microbial distributions. Due to
physiological complexity, mechanisms linking nutrient utilization and the dominance of key taxa remain unclear. Lactobacillus
amylovorus is a predominant species in the small intestine of pigs. Employing a pig model, we found that the small intestine was
dominated by Lactobacillus and particularly L. amylovorus, and enriched with peptide-bound amino acids (PBAAs), all of which were
further boosted after a peptide-rich diet. To investigate the bacterial growth dominance mechanism, a representative strain L.
amylovorus S1 was isolated from the small intestine and anaerobically cultured in media with free amino acids or peptides as sole
nitrogen sources. L. amylovorus S1 grew preferentially with peptide-rich rather than amino acid-rich substrates, as reflected by
enhanced growth and PBAA utilization, and peptide transporter upregulations. Utilization of free amino acids (e.g. methionine,
valine, lysine) and expressions of transporters and metabolic enzymes were enhanced simultaneously in peptide-rich substrate.
Additionally, lactate was elevated in peptide-rich substrates while acetate in amino acid-rich substrates, indicating distinct
metabolic patterns depending on substrate forms. These results suggest that an increased capability of utilizing PBAAs contributes
to the dominance of L. amylovorus, indicating amino acid utilization as a deterministic factor affecting intestinal microbial
distribution. These findings may provide new insights into the microbe-gut nutrition interplay and guidelines for dietary

manipulations toward gut health especially small intestine health.
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INTRODUCTION

The ecological rationales that govern the microbial distribution are
complex and involve multiple factors. One of the deterministic
factors that affect the microbial distribution is the performance
trait of bacteria, such as the bacterial capability of resource or
nutrient utilization [1]. Lactobacillus is a dominant taxon in the
small intestine across mammals, including pigs [2], rats [3], and
rhesus macaque [4], with Lactobacillus amylovorus representing a
predominant species [5, 6]. In the small intestine of piglets, L.
amylovorus is an abundant species accounting for about 20%, and
has been reported to exert carbohydrate metabolic functions [7]
and beneficial effect by modulating gut immunity and inflamma-
tion [5]. Intestinal bacteria have different utilization preference for
amino acids (AAs) and peptides [8-10]. A previous study revealed
that the small intestinal bacteria of pigs could utilize peptides
preferentially for their bacterial protein synthesis compared with
free amino acids in vitro [11]. Whether the utilization preference
for AAs and peptides may serve as a deterministic factor for
Lactobacillus colonization in intestinal tract remains unclear. Given
this evidence, it is of great relevance to understand the rationale
that gives rise to the dominance of Lactobacillus species in the
small intestine of some mammals.

To investigate the microbial preference for AAs and peptides
in vivo, dietary inclusion of intact protein or hydrolyzed protein
provides a nutritional approach. This approach enables to supply
diets that have equal nitrogen source but differ in AA and peptide
contents. Protein hydrolysate, compared to intact protein,
contains peptide-bound amino acids and other bioactive compo-
nents that serve as a dietary ingredient in ways of affecting
intestinal physiology. We have demonstrated that compared to
intact casein, dietary casein hydrolysate stimulated gastric transit,
leading to a higher carbohydrate availability in ileal digesta and
changing microbial composition [12]. Compared with intact soy
protein, soy protein hydrolysates could facilitate the abundance of
L. amylovorus in vitro [13]. Another study found that hydrolyzed
casein-based diet increased the Lactobacillus abundance in the
feces of rats [14].

In the present study, we question how Lactobacillus dominates
in the intestine and whether nutrient utilization preference may
contribute to the dominance. Employing a pig model, this study
proved that dietary casein hydrolysate created a microenviron-
ment with peptide-rich substrate and increased Lactobacillus,
particularly in the small intestine. Within Lactobacillus, L.
amylovorus was the most dominant species and expanded by
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peptide-rich substrate. We isolated L. amylovorus S1 from the
small intestine of piglets as a model microorganism. Whole-
genome resequencing and computational metabolism reconstruc-
tion provide new insight into its utilization of peptides and amino
acids. To further investigate the rationale behind peptide/amino
acid utilization, L. amylovorus S1 was cultured in medium
containing substrate enriched with peptides or amino acids.
Results showed a nutrient preference toward peptides, which may
be a driving force of dominance of L. amylovorus. The approach
employed here provides a strategy that can be applied to
investigate the mechanisms driving to dominance of other key
taxa in the small intestine. This study brings new insights into the
dominance of L. amylovorus driven by AA utilization in micro-
environment and highlights the important role of peptide-rich
diet in the enrichment of lactic acid bacteria in the small intestine
of pigs. These findings reinforce the importance of gut microbes in
gut nutrition and may provide guidelines for dietary manipula-
tions toward pig gut health especially the small intestine health.

MATERIALS AND METHODS

Experimental design and sample collection

To compare the effects of dietary protein form on the intestinal microbiota,
intact casein and casein hydrolysate were selected considering their wide
application as dietary ingredients. Casein hydrolysate was prepared by
casein (used in Casein-intact group) hydrolysis with food-grade trypsin
(Haibo Biotech Inc., Qingdao, China) and the resulting hydrolyzed casein
(Casein-pep) was subsequently spray-dried to produce a dried powder. The
proportions of AAs and peptides in the casein hydrolysate were 46% and
54%, respectively.

The animal experiment was approved by the Animal Care and Use
Committee of Nanjing Agricultural University, in compliance with the
Regulations for the Administration of Affairs Concerning Experimental
Animals of China. After a 7 day period acclimatization, a total of sixteen
cross-bred (Duroc x Landrace x Yorkshire) castrated male pigs (63 + 2 days
of age, average body weight 19.09 + 0.61 kg) were subjected to corn-fish
meal diet containing either intact casein (n=8) or hydrolyzed casein
(n=28), at a content of 45 g per 1kg diet. The nutritional composition of
the two diets were formulated equally (Table S1). The pigs were housed
individually in stainless steel metabolism cages and maintained at 24 + 1 °C
with free access to water. Pigs were offered equal amount of meal twice
daily to ensure the equal dietary intake. The body weight was recorded
and used for calculating the average daily weight gain. The health of each
pig was closely monitored throughout the experiment. On day 29 of the
experiment, all pigs were anesthetized using an intravenous injection of
4% sodium pentobarbital solution (40 mg/kg body weight) and sacrificed
by exsanguination. The intestinal tract was removed immediately. The
luminal digesta from the middle section of each intestinal segment
(duodenum, jejunum, ileum, and colon) were collected and snap-frozen by
liquid nitrogen immediately after sampling to avoid post mortem changes,
and then transferred and stored at —80 °C until analysis.

DNA extraction, sequencing, and bioinformatics

Total genomic DNA from 0.3 g digesta of duodenum, jejunum, ileum, and
colon, were extracted per sample using the DNA Stool Mini Kit (QIAGEN,
Hilden, Germany) following the manufacturer’s protocols. The V3-V4
region of the bacterial 16S rRNA gene was amplified by PCR using universal
bacterial primers (F: 5’-barcode-TAC GGR AGG CAG CAG-3’; R: 5-AGG GTA
TCT AAT CCT-3’) [15], where the barcode is an eight-base sequence unique
to each sample [16]. All the polymerase chain reaction (PCR) processes
used a 20 uL TransStart Fastpfu DNA polymerase reaction system, which
included 4 uL 5x FastPfu buffer, 2 uL 2.5 mmol/L dNTPs, 0.8 uL 5 pmol/L
Forward primer, 0.8 uL Reverse primer, 0.4 uL FastPfu polymerase, and
10ng of DNA. Amplification was performed as follows: the first pre-
degeneration was performed at 95 °C for 5 min, followed by 27 cycles of
denaturation (95°C, 305s). Annealing (55°C, 30s) and elongation (72°C,
45s) were performed before an extension was done for 10 min at 72 °C.
Purified amplicons were pooled in equimolar concentrations and paired-
end sequenced (2x250) on a MiSeq platform (lllumina Inc., CA, USA)
according to the standard protocols at the Majorbio Bio-Pharm Technology
Co., Ltd. (Shanghai, China).
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Raw sequence data generated from 16S rRNA gene sequencing were
demultiplexed, quality-filtered using QIIME (version 1.9.1). Bases with an
average quality score more than 20 were retained. Operational taxonomic
units (OTUs) were clustered with 97% similarity cutoff using UPARSE
(version 7.1) and chimeric sequences were identified and removed using
UCHIME version 4.1. Taxonomy assignment of OTUs was performed by
matching the representative sequences to 16S rRNA gene database (SILVA
version 138) using Ribosomal Database Project Classifier (version 2.2).
Species richness estimator and diversity indices were calculated using
QIIME (version 1.9.1, http://qiime.org/scripts/split_libraries_fastq.html).
Rarefaction curves were generated using R software with ggplot2 (version
3.3.4; https://www.r-project.org/). Weighted UniFrac principal coordinate
analysis (PCoA) based on OTUs was performed by using QIIME (version
1.9.1) in vegan R package (version 4.1.2). Differences in gut bacterial taxa
were analyzed by Linear discriminant analysis (LDA) effect size (LEfSe)
analysis [17], with LDA scores >2 as discriminant taxa. The relative
abundance of different bacterial taxa was expressed as percentages.
Graphing was performed using Graphpad Prism 8 (La Jolla, CA, USA) and R
statistics (version 4.1.2) in ggplot2 package (version 3.3.4). The analysis of
molecular variance (AMOVA) [18] was performed to compare the
difference in composition of the intestinal microbiota between two groups
by using mothur (version 1.1, https://www.mothur.org/). The relative
abundance of different bacterial taxa was expressed as percentages.

Determination of total Lactobacillus population by qPCR assay
Quantities of Lactobacillus, L. amylovorus, L. paracasei, L. salivarius, L. reuteri
and L. johnsonii in intestinal digesta were determined by qPCR. All samples
were analyzed in triplicates. The plasmids containing insert of 165 rRNA
genes were constructed using pMD18-T according to the kit instructions
(D101A, Takara, Kusatsu, Japan). The target plasmids were diluted to a
series of 10-fold to generate the standard curves. The qPCR assay was
performed on a lightcycler 480 Real-time PCR system (Roche, Solna,
Sweden) with 384-well plates, using SYBR Premix Ex Taq dye Il (Takara,
Kusatsu, Japan). PCR amplification condition was at 95 °C for 30 s, followed
by 40 cycles of 95°C for 105, 60°C for 30s. The copy number of target
bacteria in digesta (copy/g) was quantified according to standard curves.
The primer sequences of specific 16S rRNA genes [19] are listed in Table S2.

Isolation, purification and identification of L. amylovorus

The isolation, purification and identification of Lactobacillus were
performed as previously described [20]. Briefly, luminal digesta was
obtained from the small intestine of healthy pigs (Duroc x Landrace x
Yorkshire). One gram digesta was suspended in sterile saline water (5 mL)
and then serially diluted to 1:10%, 1:10% and 1:10”. The diluted samples
were spread on MRS agar plates and cultured at 37°C for 48 h under
anoxic conditions until the isolated colonies formed. Well-isolated colonies
were picked and further streaked into fresh MRS plates until a pure culture
was obtained. Gram-staining, morphology, and molecular identification
based on 16S rRNA gene sequencing were performed [20]. The identity of
L. amylovorus S1 and gut bacteria (OTU1) in 16S rRNA gene sequence is
100% using MEGA 11 (Molecular Evolutionary Genetic Analysis) software
(available at https://www.megasoftware.net). Phylogenetic tree was con-
ducted by MEGA11 using a neighbor-joining method, with a bootstrap
value of 1000.

Computational reconstruction of peptide and amino acid
metabolism modules for L. amylovorus S1

The complete genome of L. amylovorus S1 was sequenced using HiSeq
4000 (lllumina Inc.) with paired-end modes and PacBio sequencing with
Pacific Biosciences SMRT (PacBio RSIl) at Biozeron Biotechnology Co., Ltd.
(Shanghai, China). For genome assembly, the optimal results of the
assembly were obtained by ABySS (version 2.0.2, http://www.bcgsc.ca/
platform/bioinfo/software/abyss). PacBio-corrected long reads were then
assembled by Canu (version 1.8, https://github.com/marbl/canu). Finally,
GapCloser (version 1.12, https://sourceforge.net/projects/soapdenovo2/
files/GapCloser/) was subsequently applied to fill up the remaining local
inner gaps and correct the single base polymorphism. Gene prediction was
performed using GeneMarkS (version 4.6b). The complete circle of the
genome was drawn with Circos (version 0.64). The annotations of
transporter proteins and amino acid metabolic enzymes were obtained
against TCDB (Transporter Classification Database, http://www.tcdb.org/)
and KEGG debase (http://www.genome.jp/kegg/). To gain better insights
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into amino acid utilization, we reconstructed the peptide and AA
metabolism and transporter modules for L. amylovorus S1.

Prediction of the amino acids that can bind the oligopeptide transporter
was performed using COACH protein-ligand binding prediction server [21].
3D structure model of OptB protein was generated by I-TASSER [22] and by
SPARKS-X [23]. The ligand binding site predictions were performed by TM-
SITE and S-SITE by matching ligand-binding templates from the BioLip
protein function database (version Apr 01, 2022) with the query structure
and sequence [24]. The prediction for final ligand binding sites was
generated using ConCavity method [25].

In vitro study of AA utilization by L. amylovorus S1

To investigate the utilization of AAs and peptides, we used the L.
amylovorus S1 as a model microorganism for small intestinal L. amylovorus
and analyzed its growth in MRS medium enriched with free amino acids or
peptides in batch culture. Peptides and free amino acids were provided by
casein acid hydrolysate (enriched with free amino acids; Casein-AA group)
or casein enzymatic hydrolysate (enriched with peptides; Casein-PEP
group) in equimolar quantities as the sole nitrogen source. Casein acid
hydrolysate provided amino acid source, containing FAAs and PBAAs in
60.43 and 39.57%, respectively, while the casein enzymatic hydrolysate
provided peptide source, containing PBAAs and FAAs in 71.95 and 27.80%,
respectively. The AA concentrations in the medium before batch culture
were also measured (Table S3). To balance the total amino acid
concentration at the same level, different amounts of the casein
hydrolysates were added, with the casein acid hydrolysate at 18 g/L and
the casein enzymatic hydrolysate at 8.2 g/L in the medium. The solution
was filter-sterilized (through 0.22 um filter) into pre-gassed autoclaved
serum bottle. The bacteria were grown anaerobically at 37 °C in a modified
MRS medium, replacing the nitrogen source with casein acid hydrolysate
or casein enzymatic hydrolysate. Samples of bacterial cultures were taken
at 0, 6, 12, and 24 h after inoculation (n =4 per time point per group) and
stored immediately at —25 °C until use for the analysis.

Bacterial growth curve and qPCR of L. amylovorus S1 in
culture medium

Portions of 200 uL culture medium were transferred in 96-well plates for
plotting ODggo at 37 °C, and each sample was set up in triplicate wells.
Standard growth curve of L. amylovorus S1 was produced by determination
of OD value every 2h during 16-h culture. The 16S rRNA gene copy
number of L. amylovorus in culture medium (copy/mL) was determined
and quantified following aforementioned procedures.

RNA extraction and quantitative reverse transcription PCR
analysis of gene expression of bacterial transporters and
enzymes

Total RNAs were extracted by TRIzol method using RNA extraction Kit
(Aidlab, Beijing,China) and quantified using the Nanodrop 2000 (Thermo
Fisher Scientificc MA, USA) and reverse transcribed into cDNAs using
PrimeScrip RT Master Mix (Takara, Kusatsu, Japan) according to the
manufacturer's protocol. Specific primers (Table S2) were designed to
target AA and peptide transporters (optB, potE, art), metN, lysXY, gluA and
bcaP), and metabolic enzymes (bcat, metK, sda, dapA, dapB, ackA, and Idh).
recA was used as a reference gene. The amplification was performed on
QuantStudio 5 Real-Time PCR instrument (Applied Biosystems, CA, USA)
using SYBR Green method. The gene expression level was determined by
comparing to 0 h-Casein-AA group using 22" method.

Amino acid measurement

Intestinal digesta and bacterial culture supernatant. The contents of free
amino acids (FAAs) and total amino acids (TAAs) in the jejunal and ileal
digesta and bacterial culture supernatant were measured according to the
method of o-phthaldialdehyde with high performance liquid chromato-
graphy (Agilent 1220 Infinity LC system; Agilent Technologies Inc., CA, USA)
[26]. For TAA measurement, the samples were hydrolyzed with 6 M H,SO,
at 110 °C for 24 h before analysis. The content of peptide-bound AAs was
calculated as a difference of TAAs and FAAs.

Bacterial cells. Bacterial cells were precipitated from 4mL of bacterial
culture into anaerobic phosphate-buffered saline. The cells were then
hydrolyzed with 6 M H,SO, at 110°C for 24h and used for TAA
measurement.
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Calculation. The AA disappearance amount in culture medium was
calculated as follows: DAt = AA0-AAt, where DAt is the disappearance
amount at t h, AAO is the AA concentration at Oh, AAt is the AA
concentration at t h.

Measurement of short-chain fatty acids (SCFAs), lactate, and
glucose in bacterial culture medium

Concentrations of SCFAs were determined with gas chromatography as
described in our previous study [27]. The concentration of lactate was
determined by a commercial lactate assay kit (A019-2, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The glucose concentration was
determined by a commercial glucose assay kit (FO06-1-1, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

Statistical analysis

Bartlett's test was used to determine whether variance differed between
groups where significance levels were p < 0.05 using Graphpad Prism 8 (La
Jolla, CA, USA). Comparisons of means were performed with Student’s t
test when homogeneity of variance was true, and Mann-Whitney U-test
when variances were not homogeneous. p<0.05 was considered
significant. For comparisons of bacterial taxa between two groups, p
values were adjusted with a false discovery rate (FDR) analysis [28], limiting
the overall FDR to 5% (g < 0.05). For amino acid contents in bacterial cells, a
general linear model (SPSS 20.0; SPSS Inc., Chicago, IL, USA) was performed
to analyze the data of bacterial amino acid contents, using the bacteria
quantity at 12 h as a covariate to correct.

RESULTS

All pigs remained healthy during the experimental period, and no
clinical signs of diarrhea or health impairment were observed. In
comparison with pigs fed on Casein-intact diet, those on Casein-
pep diet had a significant higher average daily gain (Fig. S1).

Sequencing quality of 16S rRNA gene sequences

After trimming of sequence reads and quality filtering, 2,821,266
high-quality sequences (representing 88.90% of the total
sequences) were acquired, with an average of 44,082 sequences
per sample. Sequencing depth nearly reached the total microbial
species richness, with almost all the rarefaction curves approach-
ing the saturation plateau (Fig. S2). This observation was verified
by the Good's coverage of each sample which was more than
99.9%, implying that most of microbial diversity had been
sufficiently captured.

Hydrolyzed casein changed microbiome structure depending
on gut locations

The weighted UniFrac PCoA analysis showed that there were
differences of overall microbial composition between different
intestinal segments (Fig. S3), which indicated a spatial hetero-
geneity of the microbiome across the intestine. Compared to
Casein-intact, the Casein-pep significantly altered the microbiota
composition in the lumen of jejunum, ileum, and colon (AMOVA
p <0.05, Fig. 1A), but not significantly in the duodenum. These
observations suggest that the impact of Casein-pep, relative to
Casein-intact, on the microbiota composition was different across
gut locations.

Hydrolyzed casein led to the dominance of Lactobacillus in the
small intestine

At the taxa level, we observed the higher relative abundances of
Lactobacillus (15-60%) and lower abundance of Escherichia in the
jejunum in Casein-pep group than those in Casein-intact group
(Fig. 1B, C). Moreover, the relative abundance of Megasphaera and
Mitsuokella in the jejunum and Lactobacillus and Actinobacillus in
the ileum were significantly higher in Casein-pep group than
those in Casein-intact group (Fig. 1B). The relative abundance of
Lactobacillus was also higher in the colon in Casein-pep group
than that in Casein-intact group (Fig. 1B). Within the total
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Structure and composition of gut microbiota in pigs fed with intact casein or hydrolyzed casein. A Principle-coordinate analysis by

weighted UniFrac distance and the analysis of molecular variance. B The heatmap visualization of the relative abundance of top 30 genera.
C Relative abundances of representative taxa. Abbreviations: Co colon, Du duodenum, Il ileum, Casein-intact intact casein group, Je jejunum,
Casein-pep hydrolyzed casein group. *p < 0.05, **p < 0.01 between groups.

Lactobacillus, the relative abundance of L. amylovorus was
increased from 3.6% in Casein-intact group to 41.3% (mean value)
in Casein-pep group in the jejunum (p <0.05, Fig. 1C). Similar
alterations of L. amylovorus were also observed in the ileum, while
no difference for Limosilactobacillus reuteri. Regarding the strain
diversity within L. amylovorus species, there are two OTUs (OTU1
and OTU42) that were close to L. amylovorus, among which,
OTU1 showed 100% similarity to L. amylovorus with the
relative abundance between 3.6% and 41.3% in the small
intestine. OTU42 showed 99.77% similarity to L. amylovorus with
relative abundance <0.001%. Casein-pep further reduced the
relative abundance of Ligilactobacillus salivarius in the jejunum
(Fig. 1C). Overall, it is evident that Casein-pep vs Casein-intact had
the largest impact on the microbiota in the jejunum and ileum.
Remarkably, the genus Lactobacillus was differentially affected
along the whole intestine.

Hydrolyzed casein increased L. amylovorus and peptide-
bound amino acids in the jejunal and ileal digesta compared
to intact casein

To determine which group of Lactobacillus was specifically
stimulated by the Casein-pep diet, gPCR was conducted to
quantify the Lactobacillus, L. amylovorus, L. paracasei, L. salivarius,
L. reuteri and L. johnsonii. Our results showed that compared with
Casein-intact diet, Casein-pep diet significantly increased the
quantity of Lactobacillus in the jejunum (p = 0.024, Fig. 2A). In the
jejunum and ileum, the quantity of L. amylovorus increased by
nearly 15-fold (p =0.023) and 27-fold (p = 0.021) respectively, by
Casein-pep diet compared to the Casein-intact diet, suggesting
that Casein-pep diet could stimulate the growth of L. amylovorus
relative to Casein-intact diet (Fig. 2A, B). Furthermore, L.
amylovorus had the highest quantity among Lactobacillus spp.

SPRINGER NATURE

There was no difference in quantities of L. salivarius, L. reuteri and
L. johnsonii between groups (p > 0.05); this may be due to the
large individual variation in Casein-pep samples.

Since Casein-pep and Casein-intact diets provide important
nitrogen substrate for bacterial growth, we further determined the
FAA and PBAA concentrations in the intestinal digesta. In the
jejunum, the level of PBAA was significantly higher in Casein-pep
group compared with Casein-intact group (p = 0.046, Fig. 2C), and
in the ileum, the content of PBAA showed the increased tendency
in Casein-pep group compared with Casein-intact group
(p =0.072, Fig. 2D). The level of FAA showed no difference
between groups in both jejunum (p=0.570) and ileum
(p=0.956). Taken together, these data demonstrated that
Casein-pep diet increased the concentration of PBAAs and the
quantity of L. amylovorus in the small intestinal digesta, indicating
that peptide-rich substrate may lead to the growth predominance
of L. amylovorus.

We further measured short-chain fatty acids as a reflection of
microbial fermentation. In the jejunum, Casein-pep group had
higher concentrations of butyrate than the Casein-intact group
(p = 0.045, Fig. S4). No differences in acetate and propionate were
observed between the two groups.

Identification of L. amylovorus S1 and its global amino acid
utilization inferred from genomic features

The next step was to isolate L. amylovorus from the jejunum of the
small intestine in order to determine how it was affected by the
Casein-pep diet. By picking a single colony, we isolated a L.
amylovorus strain S1 (Fig. 3A). The 16S rRNA gene sequence of L.
amylovorus S1 were 100% identical to the representative 16S rRNA
gene sequence of L. amylovorus from microbiome sequencing
(Fig. 3B). To better understand the functional potential involved in
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AA and peptide utilization, whole genome sequencing was
conducted. Nearly 3.05 GB raw data of L. amylovorus
S1 sequence were generated by the HiSeq sequencing platform.
The Q30 value of raw reads was 93.83%. After data QC and
filtering, nearly 2.90 GB clean bases were obtained for genome
assembly. Additionally, 464,347 nanopore reads (N50= 11,193,
totally 1.87 GB bases) were obtained. The complete genome
sequence of L. amylovorus S1 consists of a circular chromosome
(2,091,784 bp), and 2 circular plasmids (67,799 bp and 39,117 bp,
respectively). The genome of L. amylovorus S1 contains 2232
protein-coding sequences and GC content is 38.33%, and harbors
65 tRNA genes and 15 rRNA operons. The genome-based
annotation on metabolism and transport of AAs and peptides of
L. amylovorus S1 were depicted (Fig. 3C). The annotation of
enzymes involved in amino acid metabolism showed that L.
amylovorus S1 strain possessed a number of enzymes involved in
metabolism of methionine, aspartate, serine, glutamate, glycine,
threonine, valing, isoleucine and leucine, such as oligopeptide ABC
transporter permease protein OptB and branched-chain amino
acid aminotransferase Bcat.

Peptide-rich substrate increased the growth of L. amylovorus
and the disappearance rate of PBAAs compared to AA-rich
substrate

To study the growth of L. amylovorus S1 cultured in medium
containing Casein-AA (FAA-rich) and Casein-PEP (PBAA-rich) as

The ISME Journal (2022) 16:2491 - 2502

nitrogen sources, a growth curve was generated (Fig. 4A). Growth
at both substrates followed the same exponential phase until 6 h
and that stationary phase was reached at 6 h for Casein-AA and at
12 h for Casein-PEP. Based on the growth curve of L. amylovorus
S1in PBAAs-rich substrate, the time point of the sample collection
were selected at 0 h (initial phase), 6 h (mid-exponential phase),
and 12h (stationary transition phase). The quantity of L.
amylovorus S1 was also increased by 22.96% in PBAA-rich
substrate as compared to that in FAA-rich substrate at 12h
(p <0.001, Fig. 4B).

To investigate the substrate utilization of L. amylovorus S1 for
nitrogen sources, the bacterial utilization of PBAAs and FAAs
were tested after in vitro cultivation (Fig. 4C). The 12-h
disappearance amount of PBAAs was higher than that of FAAs
in Casein-PEP group (p<0.001), whereas the disappearance
amounts of PBAAs and FAAs showed no obvious difference in
Casein-AA group (p=0.719). These results indicate that the
growth of L. amylovorus S1 performs better with peptides than
free AAs.

Peptide-rich substrate increased cellular AA profiles in L.
amylovorus

Cellular AA profiles reflect the portion of AAs incorporated into
bacterial cells. At 12h, the contents of cellular phenylalanine
(p=0.008), arginine (p=0.010), glycine (p=0.020), isoleucine
(p=0.017), leucine (p=0.003), lysine (p=0.003), methionine
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(p=0.003) and tyrosine (p =0.026) were higher in peptide-rich
substrate compared with AA-rich substrate. The contents of
alanine (p=0.113), aspartate (p=0.087), serine (p=0.133),
threonine (p = 0.082), histidine (p = 0.175), glutamate (p = 0.205)
and valine (p=0.866) showed no difference between groups.
These results indicate the increased incorporation of amino acids
into bacterial cells when growing in PBAA-rich substrate.

Peptide-rich substrate increased bacterial peptide utilization
Oligopeptide ABC transporter-binding protein (Opt) family is
crucial for peptides intake into bacterial cells [29]. The gene
expression of oligopeptide ABC transporter optB was significantly
upregulated in Casein-PEP group at 6h (p<0.001) and 12h
(p = 0.023) after culture (Fig. 4E). To investigate the AAs that may
bind to OptB, we performed the protein-ligand binding site
prediction. The structure of OptB was predicted by SPARKS-X with
template 7ofwA, z-score of 22.820 (cutoff =6.9). The prediction
showed that OptB harbors ligand binding sites for threonine (T58,
T291), phenylalanine (F63, F423), valine (V60, V439), serine (5443),
glycine (G441) and lysine (K511) (Fig. 4F) with a confidence score
of 0.80, indicating that these AAs may bind to OptB with high-
affinity for transport.

To study if OptB-mediated transport of these AAs was affected by
the substrate, we determined the disappearance rates of these AAs
in peptide-bound form (i.e. PBAAs). The 6 h-disappearance rates of
serine (p = 0.003) and valine (p = 0.003) were higher in Casein-PEP
group, while that of the phenylalanine was significantly lower than
in Casein-AA group (p = 0.036, Fig. 4G). As the growth at Casein-PEP
was still in exponential phase, the 12 h-disappearance rates of
threonine (p=0.001), serine (p=0.002), valine (p<0.001) and
lysine (p =0.017) were higher in Casein-PEP group than in Casein-
AA group, while glycine (p =0.221) and phenylalanine (p =0.207)
showed no differences between groups. Thus, these results indicate
that the upregulation of optB gene expression was accompanied
with increased utilization of threonine, serine, valine and lysine in
peptide-bound form that could bind OptB under peptide-rich than
AA-rich substrates (Fig. 4H).

SPRINGER NATURE

Peptide-rich substrate further increased bacterial AA
utilization

At 12 h, the growth was in exponential phase in Casein-PEP while
stationary phase in Casein-AA group (Fig. 4A). To study if AA
utilization was altered, we further measured the 0-12
h-disappearance rate of FAAs. The disappearance rates of valine,
leucine, methionine, serine, arginine, and lysine were significantly
increased in Casein-PEP group compared with Casein-AA group
(p<0.05), while the aspartate (p=0.072) and glutamate
(p =0.850) showed no significant difference between groups
(Fig. 5A). The AA utilization depends on their transporters and
metabolic enzymes. The expression of arginine transporter (artJ,
p=0.009), methionine transporter (metN, p=0.002), lysine
transporter (lysXY, p <0.001) and glutamate transporter (gluA,
p = 0.025) genes increased in Casein-PEP group at 12 h (Fig. 5A).
For the AA metabolism enzymes, we found the upregulation of
genes encoding AA metabolic enzymes toward branch-chain
amino acids (bcat, p = 0.001), methionine (metK, p < 0.001), serine
(sda, p = 0.050), aspartate (dapA, p < 0.001 and dapB, p < 0.001) in
Casein-PEP group compared with Casein-AA group (Fig. 5B).

Peptide- and AA-rich substrate led to distinct fermentation
patterns

To characterize the metabolic end products under AA-rich and
peptide-rich substrates, we measured the short-chain fatty acids
and lactate. The lactate production was higher in Casein-PEP at
24 h after culture (p<0.001, Fig. 6A), accompanied with the
upregulation of lactate dehydrogenase (Idh) gene expression
compared with FAA-rich substrate at 6h (p<0.001), 12h
(p=0.010) and 24h (p=0.026) (Fig. 6B). Corresponding to the
increase of lactate, the pH value was lower in Casein-PEP at 24 h
after culture (p=0.018, Fig. 6C). As the microbial fermentation
product, acetate accounts for the high proportion among
microbial-derived SCFAs, and our data showed that acetate was
the only bacterial metabolite detected among SCFAs during 24
h-culture. The concentration of acetate was lower in Casein-PEP at
24 h after culture (p = 0.009, Fig. 6D), with the downregulation of
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acetate kinase (ackA) gene expression in Casein-PEP compared
with Casein-AA substrate at 24 h (p = 0.046) (Fig. 6E).

In addition to amino acids, glucose concentrations also affect
fermentation patterns. To determine if glucose may be a
confounding factor, we further measured the glucose concentra-
tion and found that the glucose concentration showed no obvious
difference (Fig. 6F), indicating the difference in production
dominance of lactate and acetate may be mainly driven by the
amino acid and peptide content in different substrates (Fig. 6G).

DISCUSSION

In the present study, we found that peptide-rich hydrolyzed casein
could lead to growth dominance of L. amylovorus as well as
increased peptide-bound AAs in the small intestine. Our in vitro
study using L. amylovorus S1 as a model microorganism further
validated that L. amylovorus had nutrient preference toward PBAA-
rich substrate by enhancing peptide and amino acid utilization

The ISME Journal (2022) 16:2491 - 2502

(Fig. 7). These findings support the hypothesis that the bacterial
capability of resource or nutrient utilization could serve as a
deterministic factor that drives the dominance of specific bacteria in
the intestine. As an abundant species accounting for about 20% in
the small intestine of piglets, L. amylovorus has been proved to exert
carbohydrate metabolic functions [7] and favorable effect by
modulating gut immunity and inflammation [5]. This study brings
new insights into the dominance of L. amylovorus driven by AA
utilization in microenvironment and highlights the important role of
peptide-rich diet in the enrichment of lactic acid bacteria, such as L.
amylovorus in the small intestine of pigs. These findings may
provide guidelines for dietary manipulations toward gut health
especially small intestine health.

Peptide-rich diet enriched Lactobacillus species in the small
intestine

In the present study, the genus Lactobacillus was dominant in the
small intestine of control animals with L. amylovorus as most
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dominant representative species under physiological condition.
Dietary protein undergoes enzymatic digestion and subsequently
releases peptides to the small intestine for bacterial and host
metabolism. Given that AA and peptide utilization could be a
survive strategy for bacteria in the intestine [30, 31], it is
reasonable to speculate that the colonization dominance of
Lactobacillus (particularly L. amylovorus) in the small intestine may
be due to its nutrient requirement and substrate preference for
peptides than AAs.

Interestingly, Lactobacillus, as well as the specific taxon L.
amylovorus, was further boosted in the small intestine after casein
hydrolysate inclusion in the diet, as well as the concentration of
PBAA. Relative to the intact casein, the casein hydrolysate contains
more readily available peptides, which provides a peptide-rich
environment that mimics the physiological condition. Therefore, it
is likely that a peptide-rich environment may be related to the
growth dominance of L. amylovorus. Lactobacillus species could
preferentially utilize the peptides than intact protein [32-34], due
to the kinetic advantage of peptide-uptake system [33]. Two
independent studies reported that extensively hydrolyzed protein
could promote the growth of Lactobacillus species in vitro as
compared to the intact protein [13, 32].

SPRINGER NATURE

In the present study, with the enhancement of Lactobacillus
after casein hydrolysate feeding, the concentration of lactate and
the abundance of Megasphaera were also increased. Species of
Megasphaera have been described to use lactate resulting in the
production of butyrate and therefore, it could convert the lactate
produced by Lactobacillus to butyrate. A cross-feeding has been
demonstrated between Megasphaera and Lactobacillus in the
hindgut of pigs [35]. Therefore, it is reasonable to speculate that
there is a cross-feeding relationship between Lactobacillus and
Megasphaera in the small intestine of pigs in response to peptide-
rich hydrolyzed casein.

Another evident finding is that peptide-rich substrates exert
greater impact in the small intestine than in the colon. Intestinal
locations vary in nutrient availability and physiological conditions
[36, 371. Jejunum and ileum are major sites for the digestion and
absorption of protein and amino acids, yet less well studied so far.
These results highlight the relevance of small intestinal microbiota
in protein nutrition.

After hydrolyzed casein feeding, Lactobacillus abundance and
lactate concentration increased in the small intestine, which
enhanced the ghrelin signal and development of interstitial cells
of Cajal, accompanied by the increased ileal flows of nutrients and
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between groups.

higher carbohydrate availability to support the bacterial activity
[12]. This phenotype indicates the metabolic interaction between
host and gut microbes after hydrolyzed casein feeding. In the
present study, hydrolyzed casein also increased butyrate concen-
tration in the small intestine. Butyrate is well known as an inhibitor
of histone deacetylase that could affect the intestinal macrophage
function [38]. Whether an increase in butyrate may exert
epigenetic modification on host functions remains unknown,
which can be investigated in future study.

A stronger capacity of utilizing peptide-bound amino acids
contributes to the dominance of Lactobacillus amylovorus
We observed that the L. amylovorus S1 strain prefers the utilization
of peptides for bacterial protein synthesis. Most of bacterial
cellular AAs in L. amylovorus S1 were higher in peptide-rich than
AA-rich substrate after 12 h-culture, together with increased
utilization of peptide-bound amino acids, supporting the growth
dominance of L. amylovorus S1 under peptide-rich substrate both
in vivo and in vitro. Consistent with our findings, a previous study
revealed that the small intestinal bacteria of pigs could utilize
peptides preferentially for their bacterial protein synthesis
compared with free amino acids in vitro [11]. Studies in ruminants
also suggest that the ruminal bacteria prefer to assimilate more
nitrogen source in the peptide-rich substrate for growth than free
amino acid [39-41]. The utilization preference toward peptides
may be an important performance trait of bacteria to survive in
the intestine.

The growth curve of the isolated strain L. amylovorus S1 in
peptide-rich substrate showed the longer exponential phase that
achieved a higher OD value compared with AA-rich substrate. This
difference may be due to the different strategies for bacterial AA
and peptide utilization. AAs and peptides can be directly
incorporated into bacterial cells as protein building blocks, and
their transport systems are independent [42, 43]. However,
peptide transport system was reported to be more kinetic

The ISME Journal (2022) 16:2491 - 2502

advantages in comparison with those for free amino acids [33];
this in the present study allows the rapid uptake of peptides and
protein synthesis by L. amylovorus S1 for proliferation, which
contributed to the extended exponential phase under peptide-
rich substrate.

An increase in the transport of peptides may account for the
preference for peptide-rich substrate. Based on the genomic
annotation, L. amylovorus S1 is equipped with peptide uptake
system, allowing it to exert transport and utilization of peptides.
Furthermore, the gene expression of peptide transporter optB was
upregulated in peptide-rich substrate. The expression of bacterial
peptide transporters could be controlled by the peptide
concentration in medium [44, 45]. In Lactococcus lactis, peptide
transporter optB gene expression was also upregulated in
response to an increase in peptide levels [46]. In addition, serine
and lysine could also be transported by OptB. The utilization of
serine and lysine in the peptide form was also enhanced by
peptide-rich substrate. Taken together, both the in vivo and
in vitro results suggest that the peptide utilization by OptB may
serve as an important strategy that allows the growth dominance
of L. amylovorus.

Utilization of free amino acids was enhanced simultaneously
with peptide utilization in peptide-rich substrate

In addition to the peptide transport, expressions of free amino
acid transporters and their metabolic enzymes were also
upregulated in peptide-rich substrate. L. amylovorus S1 harbors
specific transporter MetN, ArtJ and LysXY, which play an important
role in AA transport [47-49]. metN, encoding components of an
ABC-type methionine transporter, is reported to mediate the high-
affinity uptake of methionine [50]. Escherichia coli lacking MetN is
unable to transport methionine, resulting in the decreased
viability [51]. The ABC transporter encoded by artJ could specially
bind arginine with high affinity [52]. The overproduction of artJ
stimulated the arginine uptake by E. coli [47]. lysXY encodes a
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putative lysine uptake system that was reported as a new lysine
transporter in Bacillus subtilis [49]. In this study, the upregulation of
metN, art) and lysXY, with the increased disappearance rates of
methionine, arginine and lysine in peptide-rich substrate, may
lead to the increased contents of these AAs in bacterial cells.
Enzymes responsible for amino acid metabolism were also
upregulated. L. amylovorus S1 harbored genes encoding
S-adenosylmethionine synthetase (MetK), serine dehydratase
(Sda) and branch-chain amino acid aminotransferase (Bcat). Yvon
and colleagues demonstrated that bcat transcription could be
repressed by free AAs in L. lactis [53]. The present results showed
that the increased utilizations of methionine, serine, valine and
leucine were accompanied with the upregulation of metK, sda and
bcat expression in peptide-rich compared to AA-rich substrates.

Distinct metabolic patterns of L. amylovorus in AA-rich and
peptide-rich substrates

Metabolic patterns reflect the microbial physiology under specific
conditions. In the present study, L. amylovorus S1 showed a typical
heterolactic fermentation, with lactate and acetate as major
products. However, the peptide-rich substrate enhanced lactate
production while the AA-rich substrate enhanced acetate
production at the end of fermentation. The mechanism behind
is still unclear, but might be involved in the expression of
enzymes, such as the upregulation of /dh (lactate production) and
downregulation of ackA (acetate production) in peptide-rich
substrate relative to AA-rich substrate. Another reason may be
that the growth in peptide-rich substrate had longer exponential
period than that in AA-rich substrate, which could lead to the
accumulation of lactate. Consistent with the in vitro findings, an
earlier in vivo study has demonstrated that lactate level was
increased by the diet supplemented with hydrolyzed casein as
compared with intact casein in pig small intestine [12]. Our result
is similar to an in vitro study revealed that soybean oligopeptide
can be preferentially utilized by L. acidophilus, but there was less
acetate produced from soybean oligopeptide in comparison with
pre-digested soybean oligopeptide by L. acidophilus at 48-h
cultivation [54]. In the present study, the major substrates for L.
amylovorus S1 metabolism are glucose and AA/peptide-rich
substrate. Since there is no difference in glucose concentration,
we suppose that the AA/peptide substrate was probably a major
factor affecting the metabolism of L. amylovorus S1.

The animal gut harbors complex microbiota. The present study
demonstrated that some of the in vivo observations could be
explained by studying one L. amylovorus isolate from the small
intestine. However, it has to be realized that using the single strain
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setup in vitro may potentially underestimate the intestinal
complexity. Approaches using co-cultures with for example L.
amylovorus and a Megaspaera strain or synthetic cultures with
multiple strains may be used in future studies to consider the
intestinal complexity. Further, it is of great interest for future
studies using a hologenomic approach [55, 56] to characterize the
host and microbial activity, and integrating metagenomics,
transcriptomics and metabolomics platform as this would gain
deeper insights into the microbe-host metabolic interaction
in vivo. Furthermore, a longitudinal study (e.g. cannulated pig
model) could be a great follow-up of the presented cross-sectional
study in future to monitor the temporal dynamics of microbiota in
the small intestine, allowing a better understanding of the
microbiota turnover and compositionality changes over time
due to the hydrolyzed casein feeding.

CONCLUSION

In summary, we conclude that a greater capability to utilize
peptides than amino acids allows the dominance of Lactobacillus
amylovorus in the small intestine. This feature could be reflected
by their metabolic capability toward peptides rather than amino
acids. Thus, these evidences support a long-standing ecological
theory elucidating the nutrient utilization as an important
deterministic factor in shaping the microbial distribution. Addi-
tionally, the present study provides a strategic approach to explain
the performance of key taxa in the small intestine, which could be
further applied to other microbes and investigated in future.
Considering that a peptide-rich intestinal microenvironment
provides competitive advantage for Lactobacillus and Lactobacillus
amylovorus, these evidences implicate the relevance of nutritional
manipulation to regulate intestinal microenvironment by peptide-
rich diet.
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