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Abstract

Background: The proliferation and survival of microbial organisms including intestinal microbes are determined by
their surrounding environments. Contrary to popular myth, the nutritional and chemical compositions, water
contents, O2 contents, temperatures, and pH in the gastrointestinal (GI) tract of a human are very different in a
location-specific manner, implying heterogeneity of the microbial composition in a location-specific manner.

Results: We first investigated the environmental conditions at 6 different locations along the GI tract and feces of
ten weeks’ old male SPF C57BL/6 mice. As previously known, the pH and water contents of the GI contents at the
different locations of the GI tract were very different from each other in a location-specific manner, and none of
which were not even similar to those of feces. After confirming the heterogeneous nature of the GI contents in
specific locations and feces, we thoroughly analyzed the composition of the microbiome of the GI contents and
feces. 16S rDNA-based metagenome sequencing on the GI contents and feces showed the presence of 13 different
phyla. The abundance of Firmicutes gradually decreased from the stomach to feces while the abundance of
Bacteroidetes gradually increased. The taxonomic α-diversities measured by ACE (Abundance-based Coverage
Estimator) richness, Shannon diversity, and Fisher’s alpha all indicated that the diversities of gut microbiome at
colon and cecum were much higher than that of feces. The diversities of microbiome compositions were lowest in
jejunum and ileum while highest in cecum and colon. Interestingly, the diversities of the fecal microbiome were
lower than those of the cecum and colon. Beta diversity analyses by NMDS plots, PCA, and unsupervised
hierarchical clustering all showed that the microbiome compositions were very diverse in a location-specific
manner. Direct comparison of the fecal microbiome with the microbiome of the whole GI tracts by α-and β-
diversities showed that the fecal microbiome did not represent the microbiome of the whole GI tract.

Conclusion: The fecal microbiome is different from the whole microbiome of the GI tract, contrary to a baseline
assumption of contemporary microbiome research work.
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Background
One hundred trillion of microbes are resided in a typical
in the intestine of human as gut microbiome whose col-
lective genome contains 100 times more genes than our
own genome [1–3]. The results of the interactions be-
tween gut microbiome and its host are various; negli-
gible, negative, or positive [4]. Despite negative
consequences in some cases, the presence of gut micro-
biome is essential to our health and well-being in most
cases [4]. Considering the number of genes in human
gut microbiome, it is not suprizing to note that the gut
microbiome contributes significantly to the traits of
humans as much as our genes, especially in the case of
atherosclerosis, hypertension, obesity, diabetes, meta-
bolic syndrome and its related diseases, inflammatory
bowel disease (IBD), gastrointestinal tract malignancies,
hepatic encephalopathy, allergies, behavior, autism, and
neurological diseases [4, 5]. Alteration of the compos-
ition of the gut microbiome even affects the behavior,
intelligence, mood, autism, psychology, and migraines of
its host through the gut-brain axis [6]. It is now clear
that the relationship between gut microbiome and
humans is not merely commensal but rather a mutualis-
tic relationship [6–9]. Thus, recent advances in gut
microbiome are not only elucidating our understanding
of human biology but also present a new paradigm of
opportunities for development of new concepts of thera-
peutic agents.
Gut microbiome comprises all intestinal microorgan-

isms residing along with the gastrointestinal (GI) tract
which include commensal, symbiotic, and pathogenic
microorganisms. Almost all of the current research on
gut microbiome strictly rely on the metagenome sequen-
cing analyses of the microbiome isolated from fecal sam-
ples under the baseline assumption that fecal
microbiome represents the whole gut microbiome or at
least similar [10, 11]. The GI tract is a hollow organ sys-
tem but divided into sections that digests food, extracts
and absorbs nutrients, and discharges waste materials in
a location-specific manner. The environmental condi-
tions such as pHs, water contents, chemical profiles, O2

contents, etc. in the GI tract are constantly changed lo-
cation by location as the specific components of foods
are mechanically and enzymatically broken down into
substances for absorption into the bloodstream [12].
The growth of microbial organisms is ultimately deter-

mined by environmental factors such as chemical com-
ponents, water contents, O2 contents, temperatures, and
pH [13–15]. Intestinal microbial organisms are not an
exception. The nutritional and chemical compositions,
water contents, O2 contents, temperatures, and pH in
the gastrointestinal (GI) tract of human are very differ-
ent in a location-specific manner [16–20], which implies
that the compositions of gut microbiome in the GI tract

could also differ in a location-specific manner. Since
none of these environmental factors in feces are repre-
sented in any part of the GI tract even in the large intes-
tine, it would be reasonable to question whether the
fecal microbiome does represent the microbiome of the
gastrointestinal tract or not.
Considering these variances in the GI tract, we investi-

gated variations of gut microbiome at different locations
of the GI tract, following comparison of the composi-
tions of the microbiome in the GI tract with the fecal
microbiome by using thorough statistical methods. This
work showed that the compositions of gut microbiome
were constantly changing at a location-specific manner
reflecting its environmental difference.

Results
The environmental conditions in the GI tract varied in a
location-specific manner
The realization of the variable nature of environmental
factors in the GI tract prompted us to investigate the
possibility of the location-specific environmental varia-
tions in the GI tract by using male SPF C57BL/6 mice.
The whole GI tracts of mice of ten weeks’ old were di-
vided into six parts (Figure S1), and the GI contents
from each location as well as feces were collected and
analyzed. As expected, the pHs and water contents of
the GI contents were very different from each other in a
location-specific manner along the GI tract and those of
feces were not similar to the GI contents at any location
(Table S1, S2), indicating heterogeneous environments
along the GI tract. These results clearly showed that the
environmental conditions in the GI tract vary reflecting
the local function in the GI tract. The environmental
condition of feces was not similar to those of any part of
the GI contents, nor the overall GI content.

Metagenome sequencing unveiled the location-specific
diversity of gut microbiome in the GI tract
We next investigated the diversity of gut microbiome at
different locations within the same mouse by 16S
rDNA-based metagenome analyses. The V3-V4 sites of
the 16S rRNA genes of the isolated genomic DNAs of
the gut microbiome of the GI contents were sequenced
using the MiSeq™ platform (Illumina). The sequence
reads containing incorrect primer, barcode sequences,
sequences with more than one ambiguous base, low-
quality sequences or chimeras were 2.2%, and these se-
quence reads were removed. The filtered 16S rDNA se-
quences were used to identify individual microbes by
matching the 16S rDNA sequences with the SILVA ref-
erence (region V3-V4) database (https://www.arb-silva.
de/). All of the identified 16S rDNA sequences were able
to be classified into 13 different phyla; Bacteroidetes
(51.5%), Firmicutes (35.88%), Proteobacteria (8.29%),
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Epsilonbacteraeota (1.26%), Cyanobacteria (0.94%), Acti-
nobacteria (0.63%), Patescibacteria (0.5%), Deferribac-
teres (0.17%), Tenericutes (0.62%), Verrucomicrobia
(0.08%), Planctomycetes (0.04%), Fusobacteria (0.03%),
and Gemmatimonadetes (0.01%) (Fig. 1a). Interestingly,
the abundance of the two most abundant groups of mi-
crobes was reversed from the stomach to feces along
with the GI tract (Fig. 1b), suggesting that microbiota
composition change reflecting the environmental change
in the GI tract. The abundance of Firmicutes gradually
decreased from the stomach to feces while the abun-
dance of Bacteroidetes gradually increased (Fig. 1b).

Alpha-diversity analysis showed that microbiomes in the
different locations of the GI tract completely differed
from each other
The gross microbiome analysis at the phylum level
along the GI tract indicated that the microbiome was
ever-changing along the GI tract reflecting their vari-
ous environments. The microbiome in the GI tract
was very different from the fecal microbiome (Fig. 1a,
b, Figure S2 ~ S4), and the discrepancy depending on
locations became more evident at lower taxonomic
levels (Figure S5). Also, interestingly enough, the
microbiome in the upper GI tracts and small intes-
tines completely differed from those of the lower GI
tracts within the same mouse and the degree of dif-
ferences gradually decreased from the stomach to
feces (Figure S5, Table S3 ~ S7). It should be noted
that the microbiome differences of large intestines
among different mice were significantly decreased,
demonstrating quite similar microbiome compositions
of large intestine and feces among different mice. The
microbiome analysis at the class level demonstrated
that Bacteroidia was unanimously abundant along the
GI tracts while most abundance was observed with
Bacilli and Clostridia in the stomach, with Bacilli and
Erysipelotrichia in the small intestine, and with Clos-
tridia in the large intestine and feces (Table S4). Like-
wise, the GI tract was unanimously abundant with
the order of Bacteroidales followed by Lactobacillales
and Clostridiales in the stomach, Lactobacillales and
Erysipelotrichales in the small intestine, and Clostri-
diales in the large intestine and feces, respectively
(Table S5). At the family levels, Muribaculaceae was
unanimously abundant followed by Lactobacillaceae
and Lachnospiraceae in the stomach, Lactobacillales
in the small intestine, and Lachnospiraceae and Rumi-
nococcaceae in the large intestine and feces, respect-
ively (Table S6). At the genus levels, there was a
clearly distinguished pattern along with the GI loca-
tions despite the presence of unidentified groups
(Table S7). Helicobacter was in the stomach as well
as large intestine but not in the small intestine.

Lactococcus, Dubosiella, Parasutterella, and Turicibac-
ter were specifically observed in the small intestine
while Helicobacter, Bacteroides, Alloprevotella, Odori-
bacter, and Alistipes in the large intestine and feces
(Table S7).
Our initial comparison of the microbiome composi-

tions at locations along the GI tracts was followed by a
thorough diversity analysis of the microbiome. The taxo-
nomic α-diversities measured by ACE richness, Shannon
diversity, and Fisher’s alpha all indicated that the diver-
sities of gut microbiome at colon and cecum were much
higher than that of feces (Fig. 2, Table S8). The diver-
sities of microbiome compositions were lowest in je-
junum and ileum while highest in cecum and colon. It
should be noted that the diversities of the fecal micro-
biome were lower than those of the cecum and colon.
Clearly, the α-diversity analyses indicated that the fecal
microbiome did not represent the microbiome in the GI
tract of its host, contrary to the general baseline
assumption.

Beta-diversity analysis confirmed that microbiomes in
different locations of the GI tract completely differed
from each other
The discrepancy of the composition of gut microbiome
along the GI tract became more evident with the ratio
analysis between location and local species (Fig. 3, Figure
S6-S8). To compare the diversities of the microbiomes
at different locations, β analysis method was applied.
The NMDS plots based on Bray-Curtis distances showed
that the microbiome compositions were very diverse in
location-specific manners in all of the tested three mice
and that, more significantly, the fecal microbiome did
not represent the microbiome of the GI tracts (R2 = 0.49,
P = 0.003 ADONIS) (Fig. 3a, Figure S6A). We trans-
formed the OTUs of each microbiome into principal
components using an unweighted UniFrac metric for
Principal coordinates analysis (PCoA). Eigenvalues of
each microbiome in different locations of the GI tracts
were very different from each other (Fig. 3b, Figure S6B,
Figure S6C). PCoA confirmed again that the fecal micro-
biome communities in all of the tested three mice did
not represent any part of the microbiome communities
in the guts. Other ordination plot methods also clearly
confirmed our result (Figure S7). The correlation ana-
lysis of OTU values with respect to the locations of the
GI tract by drawing a heat map of the top-ranked OTUs
defined at the bray curtis distance level revealed that
feces had a distinguished microbial profile compared
with any locations of the GI tracts (Fig. 3c, Figure S8).
Unsupervised hierarchical clustering clearly partitioned
the samples into two distinguished groups, and this pat-
tern was observed repeatedly over a wide range of phylo-
genetic levels (Figure S8).
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Fig. 1 Comparison of microbial diversity at the different locations of the GI tract in the same mouse. a. Relative abundance of phyla occupying in
the GI tract and feces. b. The relative abundance of Bacteroidetes and Firmicutes along the GI tract
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Fig. 2 Comparison of microbial diversity at the different locations of the GI tract in the mouse by α-diversity analysis. Species richness and
diversity measured by ACE richness, Evenness, Fisher’s alpha, Inverse Simpson, Shannon and Simpson diversity at the different locations of the
GI tract
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Alpha-diversity analysis showed that the fecal
microbiome did not represent the microbiome of the
whole GI tract
Location-specific analysis on microbiome clearly indi-
cated that microbiome in the GI tract varied on its loca-
tion under varied physical and chemical environments,
and that fecal microbiome might not represent the ac-
tual microbiome in the GI tract (Figs. 1 and 2, Figure S2
~ S8). To investigate that possibility, we directly com-
pared fecal microbiome compositions with the micro-
biome composition of the whole GI tracts in each
mouse. As expected, the gross microbiome analyses re-
vealed that the microbiome composition of the GI tracts
was clearly different from the the composition of the
fecal microbiome (Fig. 4a, b, Figure S9A, S9B). The
microbiome discrepancy between feces and the GI tract
became more evident at lower taxonomic levels (Fig. 4b,

Figure S9C). The most abundant microbial families in
the GI tracts were Muribaculaceae, Lactobacillaceae,
Lachnospiraceae Ruminococcaceae, and Erysipelotricha-
ceae in the decreasing order while Muribaculaceae,
Ruminococcaceae, Lachnospiraceae, and Prevotellaceae
were in fecal microbiomes (Fig. 4b). At the genus level,
Lactobacillus, Lactococcus, Dubosiella, and Turicibacter
were highly represented in the GI tract but not in feces
(Figure S9D and Table S7).
After noting the microbiome discrepancy between

feces and the GI tract by direct comparison, thorough
taxonomic α-diversity analyses were performed. The
taxonomic α-diversities measured by ACE richness,
Shannon diversity, and Fisher’s alpha all indicated that
the diversities of the microbiome of the GI tracts were
much higher than the fecal microbiome (Fig. 4c). Also,
the fecal microbiome did not represent the microbiome

Fig. 3 Comparison of microbial diversity at the different locations of the GI tract by β-diversity analysis. a. Non-metric multidimensional scaling
(NMDS) plots showing the difference of microbiome in different locations of the GI tract at OTU level based on Bray-Curtis distances. b. Principal
coordinate analysis (PCoA) based on the unweighted Unifrac metric of microbiome among all samples. The percentage of variation explained by
PC2 and PC5 are indicated in the axis. c. Heatmap of the microbial composition and relative abundance of all samples based on the Bray–Curtis
distance matrix calculated from relative OTU abundances at genus level
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Fig. 4 (See legend on next page.)
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of the GI tracts in all of the three mice. Shannon diver-
sity (p < 0 .05), ACE richness (p < 0.01), and Fisher’s
alpha (p < 0.01) concluded that the microbiome of the
GI tract was statistically different from the fecal micro-
biome and the fecal microbiome does not represent the
microbiome of GI tract.

Beta-diversity analysis confirmed that fecal microbiome
did not represent the microbiome of the whole GI tract
Comparative analysis on the microbiome of feces and
the GI tracts by β diversity analyses (community struc-
ture: R2 = 0.1, p < 0 .05 ADONIS) further solidified that
the fecal microbiome did not represent the microbiome
in the GI tract of its host. Both NMDS and RDA plots
showed that the fecal microbiome was distinctly differ-
ent from the microbiome of the GI tracts in all of the
tested mice (Fig. 5a, b). Interestingly, the microbial com-
munity of the fecal microbiome was closer to each other
in individual mice than to that of the GI microbiome
within the same mice. The distinct difference of micro-
biome compositions between feces and the GI tract
within a mouse became more evident with a correlation
analysis of total OTUs with respect to feces and the GI
tract. The heat map of all OTUs defined at the Bray-
Curtis distance level revealed that the fecal microbiome
was completely different from that of the GI tracts as
demonstrated in a distinguished pattern of microbial
profile among feces and also among the GI tracts in all
tested mice rather than between the microbiome com-
positions of feces and the GI tract within same mice
(Fig. 5c).

Discussion
The gut is the place where food is broken down and
metabolized, nutrients are absorbed, water and min-
erals absorbed, waste metabolites are excreted, and
pH and oxygen levels fluctuate [21]. These activities
in gut are precisely regulated and thereby location-
specific, which means that the environment condi-
tion inside gut is different location by location [22–
26]. Accordingly, the chemical and physical composi-
tions of feces differ from the GI contents in the
large intestine [27]. In fact, this work showed that
the pH and water content of feces even differed
from those of the GI contents in the large intestine
[28]. The pH differences noted here are well-
matched with previous reports that the intraluminal
pH at different locations ranged from 1.0 ~ 2.5

(stomach) to 6.6 ± 0.5 (large intestine) while the pH
of feces was 7.5 ± 0.4 [18]. Considering these differ-
ences, it would not be surprising to note that the
fecal microbiome is not a representative of the ac-
tual gut microbiome of its host because the growth
and propagation of microbial organisms, including
the intestinal microbes of mammals, depend on their
surrounding environments.
Although the fact that the fecal microbiome differs

from gut microbiome has not been recognized, there
have been growing concerns regarding using feces as a
proxy to study the gut microbiome. Yan et al. found a
certain degree of discrepancy between the fecal micro-
biome and the gut microbiome in chicken [29]. It has
been reported that stool sampling affects the heterogen-
eity and inconsistency of the fecal microbiome [28, 30,
31]. This works showed that even the microbiome in the
GI content of the large intestine is different from the
fecal microbiome (Figs. 1 and 2). Since the stool excre-
tion from the large intestine can be influenced by vari-
ous conditions, the heterogeneity and inconsistency of
the fecal microbiome could be expected. Therefore, this
work seems to well explain the previous works which
accounted for the heterogeneity and inconsistency of
fecal microbiome as stool inconsistency [28, 30, 31].
Although the validity of the fecal microbiome as a

proxy of gut microbiome has been questioned previ-
ously, the question never been seriously investigated. Ra-
ther, fecal samples have been customarily used for
investigation of gut microbiome after neglecting the fact
that even stool sampling generates heterogeneity and in-
consistency in the fecal microbiome. To compare the
gut microbiome and fecal microbiome in the same con-
dition, we used genetically homogenous sibling male
mice grown in a co-housed condition to ensure that the
experimental condition is identical for each mouse.
Thorough statistical analyses showed that the micro-
biome in the GI tract is consistently changing reflecting
environmental conditions at the location of the GI tract
and thereby fecal microbiome is different from the
whole gut microbiome of the GI tract.
While numerous recent research successfully showed

that gut microbiome plays determinant roles in various
phenotypes and diseases of its host [10, 32–34], those re-
search are largely associative in nature and may fail to
pinpoint the causative intestinal microbes for the pheno-
types or diseases along with difficulties in consistency
and reproduction by other researchers [35–37].

(See figure on previous page.)
Fig. 4 Comparative analysis on microbiome diversity in the GI tract and feces by α-diversity analyses. a. Maximum-likelihood phylogenetic tree
comprising all of the taxa in the GI content and feces respectively. The rings of the circular dendrogram represent the family level and the
corresponding phylum is depicted in the inner layer. b. Relative abundance of family level occupying in feces or the GI tract. c. Species richness
and diversity measured by the indices of ACE richness, Shannon diversity and Fisher’s alpha
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Conclusions
This work suggests that the composition of gut micro-
biome differs in a location-specific manner and thereby
fecal microbiome is just a part of the whole gut

microbiome. Therefore, it would be reasonable to de-
velop methodologies investigating the whole gut micro-
biome of its hosts such as detecting a blood signature of
gut microbiome based on its adaptive immune-based

Fig. 5 Comparative analysis of microbiome diversity in the GI tract and feces by β-diversity analysis. a. The NMDS plot showing the difference of
microbiome between feces and the GI tract at OTU level based on Bray-Curtis distances. The 2D stress was 0.109. b. The RDA plot showing the
difference of microbiome between feces and the GI tract at OTU level based on Bray-Curtis distances. c. Heatmap of the microbial composition
and relative abundance of all samples based on the Bray–Curtis distance matrix calculated from relative OTU abundances at genus level
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signature, developing an endoscopic method for GI con-
tent sampling, etc.

Methods
Animals and sample collection
All animal care and use protocols were performed
strictly in accordance with the ethical guidelines of the
Ethics Committee of the Chonbuk National University
Laboratory Animal Center (Permit Number: CBU 2012–
0040) in accordance with the ‘Guide for the Care and
Use of Laboratory Animals.
Six-week-old male C57BL/6 mice (Joongang Ex-

perimental Animal Co., Seoul, Korea) were pur-
chased and acclimatized for 4 weeks. During the
experimental period, the mice were housed in an
animal room under controlled environmental condi-
tions at a temperature of 22 ± 2 °C, relative humidity
of 50 ± 5%, and a 12-h light/dark cycle, with a nor-
mal chow food and water readily available. The mice
were transferred to freshly sterilized separate cages
every morning to avoid coprophagy. When the mice
reached ten weeks old, the feces were collected from
sterile cages without bedding within two hours, and
the mice were sacrificed by cervical dislocation. After
sacrificing the mice, the whole GI tracts were seg-
mented immediately into stomach, duodenum, je-
junum, ileum, cecum, and colon according to the
anatomical feature (Figure S1). The segments were
subsequently opened along their cephalocaudal axis
using a sterile scissor, and the GI contents in each
segment were thoroughly harvested by collecting and
followed by sampling with spatula. Each sample, ex-
cept for pH measurement, was weighed and immedi-
ately frozen in liquid nitrogen and were stored at
-80C until DNA extraction.

Determination of the water contents of the GI contents
and feces
The water contents of each GI contents and feces were
determined by subtracting dry weights from the wet
weights. The wet weights of the all samples were mea-
sured before lyophilization and the dry masses were
measured after lyophilization.

pH determination of the GI contents
Approximately 0.1 g of each GI content was transferred
into Eppendorf tube containing 0.9 ml ddH2O. After
thorough mixing followed by standing 1 h at room
temperature, pH of each sample was measured, using a
pre-calibrated Orion Star™ A210 series benchtop pH
meter (Fisher Scientific). pH was measured three times
and averaged.

Microbiome DNA preparation
Total genomic DNA from each sample was extracted
using the phenol-chloroform isoamyl alcohol extraction
protocol, as described previously [38]. Briefly, lysis buffer
(200 mM NaCl, 200mM Tris-HCl (pH 8.0), 20 mM
EDTA) suspended samples were processed by bead beat-
ing, and the genomic DNA recovered from aqueous
phase by phenol:chloroform:isoamylalcohol. DNA pre-
cipitated with the addition of 3M sodium acetate
followed by isopropanol. After rinsing with 70% ethanol
and drying, the DNA pellet was dissolved in TE buffer
(10 mM Tris-HCl pH 8.0, 1 mM EDTA). DNA was
quantified using a BioSpec-nano spectrophotometer
(Shimadzu Biotech).

Bacterial 16 s rDNA genes sequencing
The sequencing samples are prepared according to the
Illumina 16S rDNA Metagenomic Sequencing Library
protocols. The 16S rDNA genes were amplified using
16S rDNA V3-V4 primers (16S rDNA Amplicon PCR
Forward Primer: 5′ TCGTCGGCAGCGTCAGATGTGT
ATAAGAGACA GCCTACGGGNGGCWGCAG; 16S
rDNA Amplicon PCR Reverse Primer: 5′ GTCTCG
TGGGC TCGGAGATGTGTATAAGAGA CAGGAC
TACHVGGGTATCTAATCC). Input gDNA was ampli-
fied with 16S rDNA V3-V4 primers, and a subsequent
limited cycle amplification step was performed to add
multiplexing indices and Illumina sequencing adapters
[39]. The final products were normalized and pooled
using the PicoGreen, and the size of libraries were veri-
fied using the TapeStation DNA screentape D1000 (Agi-
lent). And sequencing (2 × 300) was done using the
MiSeq™ platform (Illumina) according to the standard
protocol.

Sequencing data analysis
To improve genome assembly, the paired-end reads
from NGS (Next Generation Sequencing) were merged
using FLASH (Fast Length Adjustment of Short reads)
[40]. The amplicon error was modelled from merged
fastq using DaDa2 and filtered out noise sequence, cor-
rected errors in marginal sequences, removed chimeric
sequences, removed singleton, and then dereplicated
those sequences [41]. In this study, we used denoise-
single function that set as default parameter. The Q2-
Feature classifier is a Naive Bayes classifier trained based
on SILVA reference (region V3-V4) database (https://
www.arb-silva.de/) to classify the dataset used in the ex-
periment [42]. The q2-diversity used with “sampling-
depth” option in the diversity calculation and statistical
tests [43]. After checking the data in the “table.qzv” file,
feature count was filtered by setting the threshold ac-
cording to the experiment in QIIME 2 [43].
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Data preprocessing
The metagenome sequence data of each sample was ana-
lyzed by using the phyloseq package (1.28.0) in R version
3.6.1 [44]. Taxanomy classification table, OTU, and
metadata, were imported as phyloseq object. The OTUs
that are not presents in at least one sample were re-
moved, as considered as sequencing errors. The data
was normalized by the cumulative-sum-scaling (CSS)
using the metagenomeSeq (1.16.0.) package from Bio-
conductor software [45]. Further analysis, and
visualization was done by using the phyloseq package.

Evaluation of alpha diversity and relative abundance of
microbiome
The CSS normalized values were used to calculate the
alpha diversity (ACE richness, Fisher’s alpha, Inverse
Simpson, Simpson and Shannon diversity, and Evenness)
metrics in phyloseq package without filtering [46]. To
detect differences in richness and alpha diversity be-
tween groups, we used Kruskal-Wallis rank sum test.,
and filtered data was converted into relative abundance.
Further, unclassified phyla were removed from total
samples. Any taxa with a total of less than 0.5% were
collapsed into “other” and each taxanomy level was cal-
culated before plotting.

Evaluation of Beta diversity of microbiome
Beta diversity metrics were computed and visualized
using log transformed, normalized OTU data in phylo-
seq package including Bray-Curtis dissimilarity [47]. Per-
mutational multivariate analysis of variance (PERM
ANOVA) was applied to identify statistical significance
of beta diversity between groups by using the vegan
package in R. ADONIS was used with 999 permutations
in the vegan package in R to quantify the effect size of
variables explaining Bray-Curtis distance [48]. Un-
weighted PCoA was calculated and visualized by QIIM
E2, however; NMDS, RDA, MDS, CCA, and DCA were
plotted in the phyloseq package in R.

Construction of heatmap and phylogenetic tree
The core abundant OTU values at genus level were
used to generate a heatmap and cluster analysis by
using the Heatplus (2.30.0.) package from Bioconduc-
tor. The OTUs obtained by unsupervised prevalence
filtering after setting the 5% of total samples as the
threshold were used to construct the most abundant
taxonomies as a heatmap. The cluster analysis on the
most abundant taxonomies was done by using Bray-
Curtis distance metrix and average linkage hierarch-
ical clustering, respectively [49].
Phylogenetic trees were constructed to visualize the

sample richness, and all row sequences were used with-
out filter to show direct relation to taxonomy.

Taxonomizr (0.5.3) package in R was applied to reclas-
sify the unclassified taxonomies based on the NCBI ac-
cession number [50]. Alignment for 16 s rDNA
sequences was done by ClustalW [51] program with de-
fault parameter. Consequently, construction of the
Maximum-likelihood phylogenetic trees were done in
MEGAX [52] with 500 bootstraps replicates, and visual-
ized by iTOL [53].

Statistical analysis
All statistical analyses are reported as the mean ± SEM,
and the differences in relative abundance of bacterial
populations among feces to GI parts were analysed using
the Mann-Whitney sum rank tests in R software. Signifi-
cance was declared at P < 0.05. All graphs were prepared
with R software.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12866-021-02099-0.

Additional file 1: Figure S1. The photo pictures of the whole GI tracts
used in this experiment. (1) Stomach, (2) Duodenum, (3) Jejunum, (4)
Ileum, (5) Cecum, (6) Colon. Figure S2. Maximum-likelihood phylogenetic
tree comprising the taxa in each location of the GI tract of mouse num-
ber 1. The rings of the circular dendrogram represent the family level and
the corresponding phylum is depicted in the inner layer and brunch
node. (a) Feces, (b) Stomach, (c) Duodenum, (d) Jejunum, (e) Ileum, (f)
Cecum, (g) Colon. Figure S3. Maximum-likelihood phylogenetic tree
comprising the taxa in each location of the GI tract of mouse number 2.
The rings of the circular dendrogram represent the family level and the
corresponding phylum is depicted in the inner layer and brunch node.
(a) Feces, (b) Stomach, (c) Duodenum, (d) Jejunum, (e) Ileum, (f) Cecum,
(g) Colon. Figure S4. Maximum-likelihood phylogenetic tree comprising
the taxa in each location of the GI tract of mouse number 3. The rings of
the circular dendrogram represent the family level and the corresponding
phylum is depicted in the inner layer and brunch node. (a) Feces, (b)
Stomach, (c) Duodenum, (d) Jejunum, (e) Ileum, (f) Cecum, (g) Colon. Fig-
ure S5. Relative abundance of taxonomic groups of microorganisms oc-
cupying in the different GI sections and feces in each mouse. (a) Class,
(b) Order, (c) Family, and (d) Genus levels. Figure S6. Comparison of mi-
crobial diversity at the different locations of the GI tract in the same
mouse by β-diversity analysis. A. Non-metric multidimensional scaling
(NMDS). B. 3D Principal coordinate analysis (PCoA). C. 2D Principal coord-
inate analysis (PCoA). The percentage of variation explained by indicated
axis. Figure S7. Ordination plots based on the Bray-Curtis distances in
the microbial communities of the GI tracts. 2D stress values were 0.03,
0.29, 0.086 and 0.14 for mouse 1, mouse 2, mouse 3 and all mice respect-
ively. A. Redundancy analysis (RDA), B. ta (DCA), C. Multidimensional scal-
ing (MDS) and D. Correspondence analysis (CA). Figure S8. Correlation of
all OTU values at genus level. Heatmap of the microbial composition and
relative abundance of all samples based on the Bray–Curtis distance
matrix calculated from relative OTU abundances at genus level. Figure
S9. Relative abundance of taxonomic groups of microorganisms occupy-
ing in the GI tract and feces in each mouse. (a) Phylum, (b) Class, (c)
Order, (d) Genus levels.

Additional file 2: Table S1. The water contents in each location of the
GI contents. Table S2. The pH measurements in each location of the GI
contents. Table S3. Abundance of phyla level bacterial taxa in the GI
sections and Feces (mean ± SEM, % of assigned 16S rRDA gene
sequences) Taxa above 1% abundance are written in a bold format.
Table S4. Abundance of class level bacterial taxa in the GI sections and
Feces (mean ± SEM, % of assigned 16S rRDA gene sequences) Taxa above
1% abundance are written in a bold format. Table S5. Abundance of
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order level bacterial taxa in the GI sections and Feces (mean ± SEM, % of
assigned 16S rRDA gene sequences) Taxa above 1% abundance are
written in a bold format. Table S6. Abundance of family level bacterial
taxa in the GI sections and Feces (mean ± SEM, % of assigned 16S rRDA
gene sequences) Taxa above 1% abundance are written in a bold format.
Table S7. Abundance of genus level bacterial taxa in the GI sections and
Feces (mean ± SEM, % of assigned 16S rRDA gene sequences) Taxa above
1% abundance are written in a bold format. Table S8. Overview of
metagenomics sequencing results for each sample. Numerical numbers
1 ~ 3 indicate mouse numbers used in this experiment.

Abbreviations
CCA: canonical correspondence analysis; CSS: cumulative-sum-scaling;
DCA: detrended correspondence analysis; FLASH: fast length adjustment of
short reads; gDNA: genomic deoxyribonucleic Acid; GI: gastrointestinal;
IBD: inflammatory bowel disease; MDS: multidimensional scaling; NGS: next
generation sequencing; NMDS: non-metric multidimensional scaling;
OTU: operational taxonomic unit; PCoA: principal coordinates analysis;
PCR: Polymerase chain reaction; RDA: redundancy analysis; rRNA: ribosomal
ribonucleic acid; 16S rDNA: 16S ribosomal deoxyribonucleic acid

Acknowledgements
Not applicable.

Authors’ contributions
Author Contributions are as fellows. S.T.H. and S.L. designed the project and
experiments; E.L., H.J.C., S. L. L. and S.T.H. analyzed results; E.L., J.H. and H.J.C.
performed the experimental works; E.L., W.H.T., S.T.H. and S.L. wrote the
manuscript. All authors read and approved the final manuscript.

Funding
This research was supported by a grant of the Ministry of Health & Welfare,
Republic of Korea (Grant No. HI18C2039). The funding body has no role in
the design of the study and collection, analysis, and interpretation of data
and in writing the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
This study was approved by the ethical guidelines of the Ethics Committee
of the Chonbuk National University Laboratory Animal Center.

Consent for publication
Not applicable.

Competing interests
The authors report no conflict of interest.

Author details
1Department of Biomedical Sciences and Institute for Medical Science,
Chonbuk National University Medical School, Jeonju, South Korea. 2Gwangju
Center, Korea Basic Science Institute, Gwangju, South Korea. 3Department of
Biochemistry, Case Western Reserve University, Cleveland, OH, USA.
4Department of Cardiovascular Medicine, Heart and Vascular Institute,
Cleveland, OH, USA. 5Division of Rheumatology, Gyeongsang National
University Hospital, Jinju, South Korea. 6Department of Anatomic Pathology,
School of Medicine, Kangwon National University, Kangwon National
University Hospital, 1 Gangwondaehak-gil, Chuncheon, Gangwon 24341,
South Korea.

Received: 10 August 2020 Accepted: 26 January 2021

References
1. Liu J, Lkhagva E, Chung HJ, Kim HJ, Hong ST. The Pharmabiotic Approach

to Treat Hyperammonemia. Nutrients. 2018;10(2):140.

2. Pandeya DR, D'Souza R, Rahman MM, Akhter S, Kim HJ, Hong ST. Host-
microbial interaction in the mammalian intestine and their metabolic role
inside. Biomed Res-India. 2012;23(1):9–21.

3. Singh RK, Chang HW, Yan D, Lee KM, Ucmak D, Wong K, Abrouk M,
Farahnik B, Nakamura M, Zhu TH, et al. Influence of diet on the gut
microbiome and implications for human health. J Transl Med. 2017;
15(1):73.

4. Chung HJ, Nguyen TTB, Kim HJ, Hong ST. Gut microbiota as a missing link
between nutrients and traits of human. Front Microbiol. 2018;9:1510.

5. Jin YY, Singh P, Chung HJ, Hong ST. Blood Ammonia as a Possible
Etiological Agent for Alzheimer's Disease. Nutrients. 2018;10(5):564.

6. Chen X, D'Souza R, Hong ST. The role of gut microbiota in the gut-brain
axis: current challenges and perspectives. Protein Cell. 2013;4(6):403–14.

7. Jandhyala SM, Talukdar R, Subramanyam C, Vuyyuru H, Sasikala M,
Nageshwar Reddy D. Role of the normal gut microbiota. World J
Gastroenterol. 2015;21(29):8787–803.

8. Nguyen TTB, Chung HJ, Kim HJ, Hong ST. Establishment of an ideal gut
microbiota to boost healthy growth of neonates. Crit Rev Microbiol. 2019;
45(1):118–29.

9. Chung HJ, Yu JG, Lee IA, Liu MJ, Shen YF, Sharma SP, Jamal MAHM, Yoo JH,
Kim HJ, Hong ST. Intestinal removal of free fatty acids from hosts by
lactobacilli for the treatment of obesity. Febs Open Bio. 2016;6:64–76.

10. Nguyen TTB, Jin YY, Chung HJ, Hong ST. Pharmabiotics as an Emerging
Medication for Metabolic Syndrome and Its Related Diseases. Molecules.
2017;22(10):1795.

11. Quan JP, Cai GY, Yang M, Zang ZH, Ding RR, Wang XW, Zhuang ZW, Zhou
SP, Li SY, Yang HQ, et al. Exploring the fecal microbial composition and
metagenomic functional capacities associated with feed efficiency in
commercial DLY pigs. Front Microbiol. 2019;10:52.

12. Patricia JJ, Dhamoon AS. Physiology, Digestion. [Updated 2020 Sep 18]. In:
StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing; 2020. PMID:
31334962.

13. Fathallah AM, Balu-Iyer SV. Anatomical, physiological, and experimental
factors affecting the bioavailability of sc-administered large biotherapeutics.
J Pharm Sci. 2015;104(2):301–6.

14. Lagier J-C, Edouard S, Pagnier I, Mediannikov O, Drancourt M, Raoult D.
Current and past strategies for bacterial culture in clinical microbiology. Clin
Microbiol Rev. 2015;28(1):208–36.

15. Tramontano M, Andrejev S, Pruteanu M, Klünemann M, Kuhn M, Galardini
M, Jouhten P, Zelezniak A, Zeller G, Bork P. Nutritional preferences of
human gut bacteria reveal their metabolic idiosyncrasies. Nat Microbiol.
2018;3(4):514.

16. Mudie DM, Amidon GL, Amidon GE. Physiological parameters for oral
delivery and in vitro testing. Mol Pharm. 2010;7(5):1388–405.

17. Lindahl A, Ungell A-L, Knutson L, Lennernäs H. Characterization of fluids
from the stomach and proximal jejunum in men and women. Pharm Res.
1997;14(4):497–502.

18. Koziolek M, Grimm M, Becker D, Iordanov V, Zou H, Shimizu J, Wanke C,
Garbacz G, Weitschies W. Investigation of pH and temperature profiles in
the GI tract of fasted human subjects using the Intellicap((R)) system. J
Pharm Sci. 2015;104(9):2855–63.

19. Espey MG. Role of oxygen gradients in shaping redox relationships
between the human intestine and its microbiota. Free Radical Bio Med.
2013;55:130–40.

20. Hooper LV, Midtvedt T, Gordon JI. How host-microbial interactions shape
the nutrient environment of the mammalian intestine. Annu Rev Nutr. 2002;
22:283–307.

21. Brune A, Friedrich M. Microecology of the termite gut: structure and
function on a microscale. Curr Opin Microbiol. 2000;3(3):263–9.

22. McGee LC, Hastings AB. The carbon dioxide tension and acid-base balance
of jejunal secretions in man. J Biol Chem. 1942;142:893–904.

23. Rune SJ. Acid-base parameters of duodenal contents in man.
Gastroenterology. 1972;62(4):533–9.

24. Bown R, Sladen G, Clark M, Dawson A. The production and transport of
ammonia in the human colon. Gut. 1971;12(10):863.

25. Dressman JB, Berardi RR, Dermentzoglou LC, Russell TL, Schmaltz SP, Barnett
JL, Jarvenpaa KM. Upper gastrointestinal (GI) pH in young, healthy men and
women. Pharm Res. 1990;7(7):756–61.

26. Kalantzi L, Goumas K, Kalioras V, Abrahamsson B, Dressman JB, Reppas C.
Characterization of the human upper gastrointestinal contents under

Lkhagva et al. BMC Microbiology           (2021) 21:44 Page 12 of 13



conditions simulating bioavailability/bioequivalence studies. Pharm Res.
2006;23(1):165–76.

27. Penn R, Ward BJ, Strande L, Maurer M. Review of synthetic human faeces
and faecal sludge for sanitation and wastewater research. Water Res. 2018;
132:222–40.

28. Vandeputte D, Falony G, Vieira-Silva S, Tito RY, Joossens M, Raes J. Stool
consistency is strongly associated with gut microbiota richness and
composition, enterotypes and bacterial growth rates. Gut. 2016;65(1):57–62.

29. Yan W, Sun CJ, Zheng JX, Wen CL, Ji CL, Zhang DX, Chen YH, Hou ZC, Yang
N. Efficacy of fecal sampling as a gut proxy in the study of chicken gut
microbiota. Front Microbiol. 2019;10:2126.

30. Lavelle A, Lennon G, O'Sullivan O, Docherty N, Balfe A, Maguire A, Mulcahy
HE, Doherty G, O'Donoghue D, Hyland J, et al. Spatial variation of the
colonic microbiota in patients with ulcerative colitis and control volunteers.
Gut. 2015;64(10):1553–61.

31. Zinter MS, Mayday MY, Ryckman KK, Jelliffe-Pawlowski LL, DeRisi JL. Towards
precision quantification of contamination in metagenomic sequencing
experiments. Microbiome. 2019;7:62.

32. Raman M, Ahmed I, Gillevet PM, Probert CS, Ratcliffe NM, Smith S,
Greenwood R, Sikaroodi M, Lam V, Crotty P. Fecal microbiome and volatile
organic compound metabolome in obese humans with nonalcoholic fatty
liver disease. Clin Gastroenterol Hepatol. 2013;11(7):868–75 e863.

33. Parséus A, Sommer N, Sommer F, Caesar R, Molinaro A, Ståhlman M, Greiner
TU, Perkins R, Bäckhed F. Microbiota-induced obesity requires farnesoid X
receptor. Gut. 2017;66(3):429–37.

34. Thaiss CA, Zmora N, Levy M, Elinav E. The microbiome and innate immunity.
Nature. 2016;535:65.

35. Portune KJ, Benitez-Paez A, Del Pulgar EM, Cerrudo V, Sanz Y. Gut
microbiota, diet, and obesity-related disorders-The good, the bad, and the
future challenges. Mol Nutr Food Res. 2017;61(1):1600252.

36. Chen YF, Yang FL, Lu HF, Wang BH, Chen YB, Lei DJ, Wang YZ, Zhu BL, Li LJ.
Characterization of fecal microbial communities in patients with liver
cirrhosis. Hepatology. 2011;54(2):562–72.

37. Bajaj JS, Betrapally NS, Hylemon PB, Thacker LR, Daita K, Kang DJ, White MB,
Unser AB, Fagan A, Gavis EA, et al. Gut microbiota alterations can predict
hospitalizations in cirrhosis independent of diabetes mellitus. Sci Rep. 2015;
5:18559.

38. Barker. Phenol-Chloroform Isoamyl Alcohol (PCI) DNA Extraction; 1998.
39. Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, Glockner FO.

Evaluation of general 16S ribosomal RNA gene PCR primers for classical and
next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013;
41(1):e1.

40. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27(21):2957–63.

41. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.
DADA2: high-resolution sample inference from Illumina amplicon data. Nat
Methods. 2016;13(7):581–3.

42. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, Huttley
GA, Caporaso JG. Optimizing taxonomic classification of marker-gene
amplicon sequences with QIIME 2 ' s q2-feature-classifier plugin.
Microbiome. 2018;6.

43. Bolyen E, Rideout JR, Dillon MR, Bokulich N, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F, et al. Reproducible,
interactive, scalable and extensible microbiome data science using QIIME 2.
Nat Biotechnol. 2019;37(8):852–7.

44. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One. 2013;8(4):
e61217.

45. Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for
microbial marker-gene surveys. Nat Methods. 2013;10(12):1200.

46. McMurdie PJ, Holmes S. Waste Not, Want Not: Why Rarefying Microbiome
Data Is Inadmissible. PLoS Comput Biol. 2014;10(4):e1003531.

47. Bray JR, Curtis JT. An ordination of the upland Forest communities of
southern Wisconsin. Ecol Monogr. 1957;27(4):326–49.

48. Anderson MJ. Permutational multivariate analysis of variance (PERMANOVA):
Wiley Online Library; 2014. https://doi.org/10.1002/9781118445112.stat07841.

49. Ploner A. Heatplus: Heatmaps with row and/or column covariates and
colored clusters. R package version 2.32.1 2019. https://github.com/
alexploner/Heatplus. Accessed 20 Jan 2020.

50. Sherrill-Mix S. taxonomizr: Functions to Work with NCBI Accessions and
Taxonomy; 2019.

51. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res.
1994;22(22):4673–80.

52. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol Biol Evol.
2018;35(6):1547–9.

53. Letunic I, Bork P. Interactive tree of life (iTOL) v3: an online tool for the
display and annotation of phylogenetic and other trees. Nucleic Acids Res.
2016;44(W1):W242–5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Lkhagva et al. BMC Microbiology           (2021) 21:44 Page 13 of 13

https://doi.org/10.1002/9781118445112.stat07841
https://github.com/alexploner/Heatplus
https://github.com/alexploner/Heatplus

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	The environmental conditions in the GI tract varied in a location-specific manner
	Metagenome sequencing unveiled the location-specific diversity of gut microbiome in the GI tract
	Alpha-diversity analysis showed that microbiomes in the different locations of the GI tract completely differed from each other
	Beta-diversity analysis confirmed that microbiomes in different locations of the GI tract completely differed from each other
	Alpha-diversity analysis showed that the fecal microbiome did not represent the microbiome of the whole GI tract
	Beta-diversity analysis confirmed that fecal microbiome did not represent the microbiome of the whole GI tract

	Discussion
	Conclusions
	Methods
	Animals and sample collection
	Determination of the water contents of the GI contents and feces
	pH determination of the GI contents
	Microbiome DNA preparation
	Bacterial 16&thinsp;s rDNA genes sequencing
	Sequencing data analysis
	Data preprocessing
	Evaluation of alpha diversity and relative abundance of microbiome
	Evaluation of Beta diversity of microbiome
	Construction of heatmap and phylogenetic tree
	Statistical analysis

	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

