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ABSTRACT

The gut microbial community greatly changes in early life, influencing infant health and subse-
quent host physiology, notably through its collective metabolism, including host-microbiota
interplay of bile acid (BA) metabolism. However, little is known regarding how the development
of the intestinal microbial community is associated with maturation of intestinal BA metabolism.
To address this, we monitored the succession of gut bacterial community and its association with
fecal BA profile in the first 3 y of ten healthy Japanese infants. The BA profiles were classified into
four types, defined by high content of conjugated primary BA (Con type), unconjugated primary
BA (chenodeoxycholic acid and cholic acid) (Pri type), ursodeoxycholic acid (Urs type), and
deoxycholic and lithocholic acid (Sec type). Most subjects begun with Con type or Pri type profiles
during lactation and eventually transited to Sec type through Urs type after the start of solid food
intake. Con type and Pri type were associated with Enterobacteriaceae-dominant microbiota
corresponding to the neonatal type or Bifidobacterium-dominant microbiota corresponding to
lactation type, respectively. Urs type subjects were strongly associated with Ruminococcus gnavus
colonization, mostly occurring between Pri type and Sec type. Sec type was associated with adult-
type complex microbiota dominated by a variety of Firmicutes and Bacteroidetes species.
Addressing the link of the common developmental passage of intestinal BA metabolism with
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infant’s health and subsequent host physiology requires further study.

Introduction

The symbiotic relationship between host and gut
microbes begins at birth. Although various environ-
mental factors, such as the mode of delivery, milk
feeding, antibiotic use, prebiotic and probiotic treat-
ment, and the timing of solid food intake, influence
colonization by certain species, there is a common
trend in the development of intestinal microbiota in
the beginning of life." After birth, the gut microbiota of
neonatal is transiently dominated by Enterobacteriaceae
and Staphylococcus.> During lactation, the intestinal
microbiota is stabilized by the domination of
Bifidobacterium, solely utilizing human milk oligosac-
charides or nonhuman oligosaccharide supplied as
alternatives in formula milk.>’ After the start of solid
food intake, a variety of anaerobic species replace
Bifidobacterium, and adult-type microbiota, dominated

by the phyla Bacteroidetes and Firmicutes, is eventually
established."® The developing microbiota has a great
impact on infant health and subsequent host physiol-
ogy, notably through the development of the digestive
tract, immune system, and metabolic homeostasis.*”
Therefore, failure in gut microbiota development may
lead to diseases such as food allergies,” asthma,'” ato-
pic dermatitis,'" and childhood obesity.'>"

Bile acids (BAs) constitute the primary component
of bile. BAs are secreted into the small intestine as
conjugated forms and aid the absorption of dietary
lipids. While most BAs are reabsorbed in the ileum
and returned to the liver, unabsorbed BAs enter into
the large intestine and are, therein, deconjugated and
metabolized into secondary BAs by the microbial
community."* Deconjugation is catalyzed by bile salt
hydrolase (BSH) widely present among intestinal
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bacteria.'> Two types of enzymatic conversions are
involved in the generation of secondary BAs: 7a-
dehydroxylase converts cholic acid (CA) to deoxy-
cholic acid (DCA) and chenodeoxycholic acid
(CDCA) to lithocholic acid (LCA), and 7-epimerase
converts CDCA to ursodeoxycholic acid (UDCA).'
In addition to their role in digestion, BAs have
some hormonal functions, as ligands for a nuclear
farnesoid X receptor (FXR) and a cell membrane
G-protein-coupled receptor (TGR-5), which initiate
a variety of signaling cascades relevant to the regula-
tion of lipid, sugar, and energy metabolism, as well as
BA synthesis feedback control.'” Furthermore, BAs
are known to regulate intestinal cell proliferation by
modulating signaling via the epidermal growth factor
receptor (EGFR) in addition to FXR, which is critical
for mucosal inflammation and barrier function.'® Due
to differences in the BA molecules in the interaction
mode with the receptors, BA composition, largely
defined by gut microbiota, is suggested to be impor-
tant for these hormonal actions.'””® On the other
hand, it is known that a high concentration of BAs,
notably secondary BAs, is cytotoxic and carcinogenic,
which promote colon or liver cancer.'®*! It is also
known that BAs are bactericidal and provide selective
pressure for colonization of bile-sensitive bacteria.”>**
Taken together, there is a complex cross talk
between the intestinal microbial community and
the host via BAs, which may determine host health
and gut microbiota. Specifically, in infancy when the
gut microbiota and host physiological functions are
underdeveloped, the BA-mediated cross talk must
have a significant impact on host health in the pre-
sent and future life. However, little is known about
the occurrence of intestinal BAs in association with
the development of gut microbiota in infancy. To
address this notion, here, we carefully monitored the
successions of bacterial compositions and BA pro-
files in the first 3 y of ten healthy Japanese infants.

Results

Development of the fecal bacterial community in
the first 3 y of life

To investigate the dynamics of the fecal bacterial
community in 3 y after birth, we conducted the high-
throughput sequencing of the 16S rRNA gene ampli-
cons obtained from ten infants containing both

vaginally delivered and cesarean delivered infants
and both breast-fed and formula-fed infants (see
details in Supplementary Table 1). We obtained
stool samples from the infants at 1, 3, 6, 12, 24, and
36 months after birth (six stool samples per subject).
A total of 3,222,630 sequencing reads from 60 sam-
ples (average 53,710 + 26,650 reads per sample; good
coverage >0.988 for all samples) were obtained and
used to determine the taxonomic composition of
each sample.

Figure 1(a) shows changes in the relative abun-
dance of five dominant families in ten subjects dur-
ing the first 3 y of life. The Bifidobacteriaceae-
dominant microbiota was observed in all infants at
6 months, while Enterobacteriaceae appeared as the
predominant family instead of Bifidobacteriaceae in
some infants in earlier period. After 6 months, the
Bifidobacteriaceae-dominant ~ microbiota ~ was
replaced by the adult-type microbiota dominated
by Lachnospiraceae and Bacteroidaceae.

The beta-diversity of the microbiota among the
samples was profiled by principal coordinate ana-
lysis (PCoA) according to the pairwise weighted
UniFrac distance between samples and displayed
by a biplot with the vector of bacteria loading at
the family level (Figure 1(b)). The PCoA plot
clearly classified the microbiota before and after
the start of solid food intake (p < 0.001, adonis).
Samples collected before the start of solid food
intake were highly loaded with Bifidobacteriaceae
and/or Enterobacteriaceae. On the other hand,
samples collected after the start of solid food
intake were highly loaded with Lachnospiraceae,
Ruminococcaceae, and/or Bacteroidaceae.

Figure 1(c) shows that the alpha-diversity of the
fecal microbiota of infants in 3 y of life was eval-
uated according to the number of operational
taxonomic units (OTUs). The number of OTUs
was kept low during the first 6 months, then
increased until 2 y of age, and stabilized
eventually.

Development of the intestinal BA metabolism in
the first 3 y of life

We measured the concentrations of 15 major BAs in
fecal samples of ten subjects in the first 3
y (Supplementary Table 2). We classified these BAs
into the groups of conjugated BA, primary BA (CA
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Figure 1. Fecal microbiota compositions over the first 3 y of life.

(@) Succession of top five bacteria families in the first 3 y. Box plots show the distribution of the relative abundance of
Bifidobacteriaceae, Enterobacteriaceae, Bacteroidaceae, Veillonellaceae, and Lachnospiraceae among the ten subjects at the indicated
age. Different letters (a-d) indicate significant differences between ages (p < 0.05, Wilcoxon rank-sum test with Benjamini-Hochberg
correction). n.s: non-significantly. (b) Principal Coordinate Analysis (PCoA) plots based on weighted Unifrac distances, calculated
using the OTU compositions and phylogeny. Circle plots showed samples before the start of solid food intake and triangle plots
showed samples after that. Regression of sample distribution in the PCoA plot to relative abundance of each bacteria family was
calculated using the Envfit R program, and loading of bacteria families whose R> was higher than 0.01 were plotted by dashed arrow
vector. Differences in community structures between before and after the start of solid foods were analyzed statistically using the
‘adonis’ function with 999 permutations in the QIIME pipeline. Bif: Bifidobacteriaceae, Enc: Enterococcaceae, Enb: Enterobacteriaceae,
Mor: Moraxellaceae, Lac: Lachnospiraceae, Rum: Ruminococcaceae, Por: Porphyromonadaceae, Odo: Odoribacteraceae, Bac:
Bacteroidaceae. (c) Alpha-diversity of fecal microbiota in the first 3 y of life. Distribution box plots showing the number of OTUs
detected in each subject are displayed at each sampling point. Different letters (a—c) indicate significant differences between ages
(p < 0.05, Wilcoxon rank-sum test with Benjamini—-Hochberg correction).

+CDCA), secondary BA (DCA+LCA), and UDCA,
and the time course of concentrations of each group
was graphed in addition to that of total BA concen-
tration in Figure 2(a). The secondary BA group
suddenly appeared and became dominant at 2
y old, while the other groups and total BA, notably
UDCA, show a tendency to peak at 12 months after
the birth. To focus on the change in bacterial BA
metabolism in the developmental microbiota in
infancy, we calculated the ratio of deconjugation,
epimerization, and dehydroxylation to total BA in
each sample by using the individual data of each fecal
BA concentration, and the time course for the first 3

y was graphed for each individual (Figure 2(b)). In
seven subjects, BAs were mostly deconjugated from
the beginning, while the deconjugation was delayed
in the other three subjects. Epimerization of BA
tended to become highly active at 12-24 months
and decrease thereafter. Dehydroxylation appeared
after 24-36 months of birth in all subjects. Taken
together, it was suggested that gut microbiota of
infants develops with a gain of functions involved
in BA metabolism, namely deconjugation, epimeri-
zation, and dehydroxylation.

Subsequently, a cluster analysis was performed
using the whole individual BA data. As a result,
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Figure 2. Succession of bile acid composition over the first 3 y of life.

(a) Box plot showing the distribution of the concentrations of each BA group among the ten subjects at the indicated age. Wilcoxon
rank-sum test with Benjamini-Hochberg correction was performed to examine the statistical difference among the ages and the
significant differences (p < 0.05) are indicated by different alphabets (a—d). n.s: nonsignificantly. (b) Individual plot showing the
change of deconjugation ratio (CA+CDCA+DCA+LCA+UDCA to total BA), epimerization ratio (UDCA to CDCA+LCA+UDCA+T-CDCA
+T-LCA+T-UDCA+G-CDCA+G-LCA+GUDCA), and dehydroxylation ratio (DCA+LCA to total BA). Wilcoxon rank-sum test with
Benjamini—-Hochberg correction was performed to examine the statistical difference among the ages, and the significant differences

(p < 0.05) are indicated by different alphabets (a—c).

four main clusters were obtained, each associated
with the developmental stage for BA metabolism
and termed Con, Pri, Urs, and Sec type, respectively
(Figure 3(a)). Con type, clustered by three 1-month
samples and one 3-month sample, was characterized
by a high abundance of primary conjugated BAs
such as TCDCA and TCA (Supplementary Table
2). The Pri type, mainly clustered by samples before
12 months, was dominated by primary BAs, parti-
cularly CDCA. Urs type, mainly clustered by 12-24-
month samples, was characterized by a high ratio of
UDCA followed by CDCA. Sec type, mainly clus-
tered by 24 and 36-month samples, was dominated
by DCA and LCA. The total abundance of BAs in
each type is shown in Figure 3(b). Con type showed
higher total BA concentration than the other three

types (p = 0.032, Wilcoxon rank-sum test). The
alpha-diversity, represented by the number of
OTUs in Figure 3(c), increased stepwise from Con
to Sec type with the significant difference among BA
types. Figure 3(d) shows a change in BA type in the
first 3 y of ten tested infants. All of these infants
mostly followed the common sequence from Pri to
Sec via Urs, while three subjects began with the Con
type and two subjects skipped Urs type. It is inter-
esting that one of the two subjects without Urs type
delayed in the start of solid food intake until 10
months, which might cause the absence of Urs
type. The trend from Con type to Sec type was
similarly observed both male and female groups,
although the number of female subjects was limited
(Supplementary Table 3).
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Figure 3. Characterization of BA types in the first 3 y of life.

(a) Clustering of samples using their BA composition. Age colored by sampling time and clusters colored by BA type are shown in
the dendrogram. The relative abundance of each BA molecule was displayed in the heat map according to the above color key.
These clusters were characterized by a high abundance of deconjugated primary BAs mainly by CDCA; conjugated primary BA mainly
by T-CDCA, epimerized BA (UDCA), and dehydrated BAs (DCA and LCA); and termed Pri type, Con type, Urs type, and Sec type,
respectively. The pie charts show the BA composition for each BA type. Asterisks in the pie charts indicate statistically significant
differences among BA type by Wilcoxon rank-sum test with Benjamini-Hochberg correction (p < 0.05). (b) The total concentration of
BAs in feces. Box plots show the distribution of total BA concentration in each BA type group. A non-parametric Mann-Whitney
U-test was used to test the significance of the difference in the total BA concentration between Con type and other type. (c) The
number of OTUs in samples in each BA type group. Distribution box plots showing the number of OTUs detected are displayed at
each BA type. Different alphabets (a—c) above each BA type group data represent the statistically significant difference among the
BA type (p < 0.05 in Wilcoxon rank-sum test with Benjamini-Hochberg correction). (d) Succession of BA types in the first 3 y of life of
ten infants. C: Con type; P: Pri type; U: Urs type; S: Sec type; O: Other; NA: not available due to the lack of sample.

The correlation between gut microbiota and BA
type

To correlate BA type with fecal microbiota, a linear
discriminant analysis effect size (LEfSe) analysis was
performed using whole bacteria composition data.
Subsequently, bacterial taxa showing significant LDA
score in LEfSe analysis were subjected to a correlation
analysis of their abundance to the concentration of

associated BA type. As shown in Figure 4(a,b), Con
type infants were highly colonized by unclassified
Enterobacteriaceae, while Pri type correlated with
Bifidobacterium including Bifidobacterium breve and
Bifidobacterium longum as dominant species.
Actually, dominant colonization of Bifidobacterium
appeared in almost of all Pri type subjects, and the
relative abundance of Bifidobacterium significantly
correlates with the concentration of primary BA in



210 M. TANAKA ET AL.

(a) (b)
ECon type [0 Pri type [l Urs type [ Sec type
g_Blautia
s_Faecalibacterium praushitzii ;\‘?
g_uncl_Ruminococcaceae §
s_Ruminococcus torques §
g_Ruminococcus g
s_Parabacteroides distasonis %
s_Rosebulia intestinalis .2
s_Eubacterium rectale %
g_Lachnospira x
g_Oscillospira
s_Anaerostipes spp.
s_Bacteroides stercoris ]
g_[Ruminococcus] ] ;\?
g_Uncl_Rikenellaceae | Ef
s_Ruminococcus gnavus | %
g_Bifidobacterium | g
g_Uncl. Enterobacteriaceae %
s_Clostridium XVla spp. .g
s_Uncl. Enterobacteriaceae %
s_Uncl. Enterobacteriaceae x
0 1 2 3 4 5

LDA score

Uncl. Enterobacteriaceae Bifidobacterium
abc a b c
; - gt ¢
60{ & i
i 8 601 N
c i
40 . 3 :
5 40 Q
4 — Q
T S
20 _%" 20 i
| = ) =K
01 T et | £ | — L =
Con I5ri Urs Séc Con Pri Urs Sec
Ruminococcus gnavus Bacteroides stercoris
a a b c a a b [
3 _ 121 o
301 S 8
. @ 104
e
20 g 8
c
1 T~ T 3 6 —_—
o i © i
101 N =
_omi
O = e — 0 — —— —
Con Pri Urs Sec Con Pri Urs Sec

Figure 4. Bacterial taxa differently populated among BA type groups.

(@) LDA score of taxonomic group differently populated among BA type groups. Linear discriminant analysis effect size (LEfSe)
analysis identified the bacterial taxa positively associated with each BA type. Operational taxonomic units (OTUs) whose average
abundance, among all samples, was higher than 0.1% were subjected to LDA. LDA scores were analyzed using the one-against-all
strategy. Taxonomic groups showing LDA scores >2.0. g: genus; s: OTU. The species name represents a closely related species to
each OTU with an assignment score higher than the cutoff value of 0.8. (b) Box plots showing the distribution of the relative
abundance of key taxa in each BA group. Different letters (a—d) indicate significant differences in the relative abundance of each
bacterial taxonomy among BA types (p < 0.05, Wilcoxon rank-sum test with Benjamini-Hochberg correction).

the first 36 months (-log;op = 9.58, r = 0.72, in Pearson
correlation analysis, Supplementary Table 4), suggest-
ing that Bifidobacterium largely contributes to the
deconjugation of BA in infant's intestine. Urs type
significantly correlated with Ruminococcus gnavus
and unclassified Rikenellaceae. Actually, dominant
colonization of R. gnavus was observed and the rela-
tive abundance of R. gnavus significantly correlates
with the UDCA abundance in the first 3 y (-log;op =
202, r = 0.34, in Pearson correlation analysis,
Supplementary Table 4), suggesting that R. gnavus
largely contributes to the production of UDCA in
infant’s intestine. Sec type correlated with a wide
range of taxonomic groups belonging to the order
Clostridiales, such as Roseburia, Ruminococcus,
Faecalibacterium, and Eubacterium, as well as two

specific Bacteroidetes species, namely Bacteroides ster-
coris and Parabacteroides distasonis.

Discussion

To investigate the associations between the develop-
ing gut microbiota and intestinal BA metabolism in
infants, we conducted this longitudinal study with ten
healthy Japanese subjects. As a result, we found that
intestinal BA metabolism develops via four stages
defined by the high abundance of conjugated primary
BAs (Con type), unconjugated primary BAs (Pri
type), UDCA (Urs type), and secondary BAs of
DCA and LCA (Sec type), each associated with neo-
natal-type, lactation-type, weaning-type, and adult-
type microbiota, respectively.'



In the first 6 months of life, Pri type or Con type
was observed. Con type, which was associated with
microbiota lacking in Bifidobacterium, was found in
three out of the ten subjects. These subjects were
highly colonized by Enterobacteriaceae, the pattern
of which has been found by Matsuki et al’
However, taking into account the fact that
Enterobacteriaceae-dominant microbiota appears
during a neonatal period before Bifidobacteriaceae-
dominant microbiota is established with considerable
individual variation in the duration of the transition
period, it is suspected that the other subjects also
carried Con type before the first sampling. Total BA
concentration was significantly high in Con type,
suggesting that the Con type microbiota with less
variety of species including Enterobacteriaceae but
not Bifidobacterium is uniquely established under
the low expression of BA transporter in the neonatal
period or that Con type induces a high level of BA
synthesis.”*** There is a report to support the latter
possibility, which has demonstrated that gnotobiotic
mice monocolonized by BSH-deleted Bacteroides
increase total BA concentration in the cecum and
feces compared to that colonized by wild-type
Bacteroides and indicated that deconjugated BAs con-
trols the BA synthesis through the activation of FXR
signaling.”® This suggests the importance of the tran-
sition from Con to Pri type for the development of BA
homeostasis in infancy.

Pri type was observed during the lactation per-
iod of all tested subjects, in association with the
domination of Bifidobacterium. This coincides
with the fact that Bifidobacterium is a largest
source of BSH in the human intestine,® while
Enterobacteriaceae lacks BSH.'> Deconjugated
BAs, which are known to be more hydrophobic
and more bactericidal than the conjugated form,*®
appear to produce a more selective environment
for colonizing microbes. It can be said that
Bifidobacterium is an initial key player in the
developing microbiota in infant's intestine.

It is noticeable that Urs type preceded Sec type in
most cases. Two subjects did not show Sec type in
these 3 y, one of which delayed in the start of solid food
intake until 10 months. The Urs type was uniquely
associated with R. gnavus. Indeed, R. gnavus has been
reported to be an UDCA producer with 7a-
epimerization activity by 7a- and 7p-hydroxysteroid
dehydrogenase,” notably at the start of solid foods.™
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The beneficial pharmaceutical aspect of UDCA is well
known and commonly administrated for the treat-
ment or prevention of various diseases or symptom
associated with disorder of BA metabolism,” while
the antagonistic mode of action of UDCA via FXR,
resulting in the activation of BA synthesis, has been
demonstrated.’>> Meanwhile, it has been also
reported that R. gnavus colonized the gut microbiota
of most children by 2 y after birth with mucin-
degrading and utilizing capability.**>® Blanton et al.
reported that Malawi’s undernourished infants at 6-
and 18-month old had fewer bacterial species and less
R. gnavus and Clostridium symbiosum than healthy
infants.” Furthermore, it was demonstrated that the
feeding of two bacterial species, R. gnavus and
C. symbiosum, ameliorated growth and metabolic
abnormalities which had occurred in mice trans-
planted with the undernourished donor stool.’
Taken together with our results, UDCA-producing
R. gnavus appears to act as a second key player in
promoting BA secretion,”””" enabling children to effi-
ciently absorb lipids and fat-soluble vitamins, and
eventually aids healthy growth of children.””

At 3y of age, DCA and LCA became major compo-
nents of BA in feces, and all subjects except one became
Sec type. The Sec type was associated with colonization
by a wide range of taxonomic groups belonging to
Bacteroidetes and Firmicutes. Eventually, stable adult-
type microbiota was established with high alpha-
diversity and Sec type BA metabolism.

Presently, BAs are regarded as important hor-
mones beyond digestive surfactants, which are
involved in a wide range of physiological func-
tions, including glucose and lipid metabolism,
energy homeostasis, and the modulation of
immune response.'”?® However, the mode of
interaction with the receptors varies among the
BA molecules. For example, it is known that
CDCA functions as a potent FXR agonist, result-
ing in the reduction of BA and cholesterol bio-
synthesis, whereas UDCA had negligible activities
and even functions in an antagonistic way, result-
ing in increased cholesterol synthesis and trigly-
ceride level.”®*' Tt is also known that conjugated
BAs show a unique agonistic activity against
S1PR2 and muscarinic receptors, while micro-
biota-produced secondary BAs strongly activate
TGR-5.*** Therefore, it is suspected that the BA
types successively appeared in growing infants
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have distinctive impacts on host physiology at each
developmental stage.

In conclusion, this study using ten healthy
Japanese newborns has shown that gut microbiota
is developed stepwise through the definite pattern
in association with the maturation of BA metabo-
lism. Its link with the development of host phy-
siology is rather interesting but yet to be studied.
Further, it should also address how the growth
condition and living environment affect the micro-
biota-associated BA metabolism. Large-scale stu-
dies including disease patients are warranted to
address abnormal BA profiles linked with certain
diseases or impaired growth in children.

Material and methods
Subject recruitment and sample collection

The study protocol was approved by the Ethics
Committees of the Faculty of Agriculture,
Kyushu University (No. 445-03), and the Faculty
of Medicine, Kyushu University (No. 27-140 and
30-265). Informed written consent was obtained
from the parents of all participants prior to enroll-
ment. The exclusion criteria were gestation of 34
weeks or less, congenital anomalies, and chronic
disease. Ten subjects, who were born in Kyushu
island between May 2014 and August 2014, were
enrolled in this study. Infant stool samples were
collected at 1, 3, and 6 months and 1, 2, and 3 y of
age by their parents. The mean (SD) collection
months were as follows: 1.1 (0.16), 3.3 (0.54), 6.0
(0.15), 12.2 (0.54), 24.3 (0.88), and 36.4 (1.08) (see
detail in Supplementary Table 1). Follow-up con-
tents, mode of delivery, milk feeding, the start of
solid food intake, and use of antibiotics were con-
ducted in following 3 y after birth. Characteristics
of subjects in this study are shown in
Supplementary Table 1. Fresh feces were collected
by their parents in two sterile tubes (size 76 x
20 mm), each with or without 2 mL of RNAlater
(Ambion, Inc.). Collected samples were kept under
chilled condition until transport to the laboratory.
Then, samples in RNAlater were stored at 4°C
until further processing for DNA extraction.
Samples without RNAlater were stored at —80°C
until further processing for BA extraction. For BA
extraction, fecal samples were freeze-dried to

remove all moisture and their subsequent dry
weight measured. The freeze-dried feces were
kept at —80°C.

DNA extraction

The microbial genomic DNA was extracted using the
bead-beating method as previously described.”
Twenty milligrams of each fecal sample were washed
by phosphate buffered salts solution twice. After
removing PBS, fecal samples were suspended in
300 pL of extraction buffer (100 mM Tris-HCI, pH
9.0, 40 mM EDTA, and 1% SDS; final concentra-
tions), 300 mg of 0.1-mm-diameter glass beads, and
500 pL of Tris-EDTA buffer-saturated phenol in
a 2 mL screw-cap tube. Microbial cells were lysed
by mechanical disruption using FastPrep FP 120
(BIO 101) at a power level of 5.0 for 30 s. The
mixtures were centrifuged at 15,000 g for 5 min,
and the upper layers were subjected to phenol/
chloroform/isoamyl alcohol extraction, followed by
isopropanol and ethanol precipitation. Finally, the
dried DNA samples were suspended in 0.2 mL TE
buffer and stored at —30°C until sequencing by
[lumina Miseq.

16S rRNA gene sequencing

The variable region, V1-V2, of the 16S rRNA
gene, was amplified from the bacterial genomic
DNA using the universal primer Tru 27F (5'-
CGCTCTTCCGATCTCTGAGRGTTTGATYM-

TGGCTCAG-3') and Tru 354R (5-TGCTCTT
CCGATCTGACCTGCCTCCCGTAGGAGT-3")

and TaKaRa Ex Taq HS (Takara Bio).>** The
amplified products were then used as templates
in the second PCR to further amplify using
barcode-tagged primers. Both PCRs were per-
formed as described previously.® Amplicons
from the second PCR were purified using
FastGene Gel/PCR Extraction Kit (Nippon
Genetics Co., Ltd.), and the DNA concentra-
tions were measured using PicoGreen® ds
DNA Assay Kit (Life Technologies) in a Tecan
M200 (excitation at 480 nm and emission at
520 nm). A pool of equal amounts (200 ng) of
amplicons from each sample was purified by
electrophoresis in 2% (w/v) agarose gel, fol-
lowed by extraction from the gel using



FastGene Gel/PCR Extraction Kit. Then, the
amplicon mixture was subjected to paired-end
sequencing by Illumina MiSeq (Illumina Inc.).

Gut microbiota analysis based on 16S rRNA gene
sequence

The obtained sequences were processed using the
Uparse pipeline in Usearch version 9.2 (http://
drive5.com/useach/manual/upp_ill_pe.html).* First,
the pair of sequence reads were merged using fas-
tq_mergepairs script with mismatched windows up
to 30 bases. After quality filtering, dereplication, dis-
carding of singletons, and length trimming, the
merged sequences were clustered into 733 OTUs,
each representing greater than 97% identity, using
the UPARSE-OTU algorithm. The taxonomy of
each OTU was assigned at phylum to genus level
using the Greengenes reference sequence database
(gg_13_8) and the UCLUST algorithm (assign_tax-
onomy.py) in QIIME version 19.1 (http://qiime.
org/).*® The taxonomic composition of each fecal
sample was determined based on the OTU table
using the QIIME summarize_taxa_througy_plots.py
command. To identify a closely related species, the
representative sequence of each OTU was subjected to
SINTAX algorithm®” with RDP training setvl6 and
cut-oft 0.8.

Alpha-diversity analysis

The alpha-diversity for each sample was calculated
using three standard indices (observed species -
the number of detected OTUs, Phylogenetic diver-
sity (PD) whole tree, and the Shannon-Wiener
index) and the OTU table rarified to 5,000
sequences per sample, with 10 random interac-
tions  using  QIIME  alpha_rarefaction.py
command.

Beta-diversity analysis

Beta-diversity was computed with the OTU table
using UniFrac. Weighted UniFrac distances were
used as inputs for PCoA based on the OTU table,
purified to 5,000 sequences per sample using
QIIME  beta_diversity_through_plots.py
mand. Differences in community structures

com-
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between before and after the start of solid foods
were analyzed statistically based on the weighted
Unifrac metric using the ‘adonis’ function with
999 permutations in the QIIME pipeline.

Extraction and quantification of BAs

Extraction of BAs was performed according to the
method described by Hagio et al.*® Freeze-dried
feces (100 mg) were ground thoroughly. Ethanol
(1 mL) was added to the ground samples to extract
BAs. Nor deoxycholic acid (NDCA) (20 nM, final
concentration) was added as an internal standard
for each sample. After homogenization, samples
were heated at 60°C for 30 min on a heating
block. After cooling to room temperature, the
samples were heated at 100°C on the heating
block for 3 min and centrifuged at 1,600 g for 10
min at 15°C. The supernatants were collected.
Ethanol (1 mL) was added to the precipitates and
mixed vigorously by vortexing for 1 min. The
samples were centrifuged at 11,200 g for 1 min at
15°C, and the supernatants were collected. This
extraction was repeated one more time. Pooled
extracts from each sample were evaporated, and
then, 1 mL of methanol was added to the dried
extracts. The methanol extracts were purified
using an HLB cartridge (Waters), which is a co-
polymeric resin which provides both lipophilic
and hydrophilic retention characteristics, accord-
ing to the manufacturer’s instructions.

The BAs were quantified by liquid chromatogra-
phy with triple quadrupole mass spectrometry
(LCMS-8050, Shimazu). The autosampler was kept
at 15°C during successive measurements. The sample
(2 pL) was injected into a TSKgel ODS-100S column
(5 pm, 2.0 mm x 150 mm; Tosoh Corporation) at 40°
C and eluted by a gradient consisting of two solvents.
Solvent A was acetonitrile/water (20:80) containing
10 mM ammonium acetate. Solvent B was acetoni-
trile/water (80:20) containing 10 mM ammonium
acetate. The elution gradient over 56 min at a flow
rate of 0.2 mL/min was as follows: 0-20 min (5-35%
B), 20-25 min (35-80% B), 25-40 min (80% B), 40-41
min (80-5% B), and 41-56 min (5% B). The mass
spectrometry was analyzed at a negative electrospray
ionization mode, in which selective ion monitoring
(SIM) was conducted at Q1 for quantitation of depro-
tonated ion of each BAs, while multiple reaction
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monitoring (MRM) was conducted through Q1 to Q3
to confirm the BA molecular species of SIM peaks.
Optimization of the MRM transitions of the BA and
the scheduled MRM operation parameter is described
by Muto et al.*’ Concentration of each BA was calcu-
lated based on the SIM peak area and calibration
curve (R* > 0.96) prepared using different concentra-
tions of standard BAs and was then adjusted with the
spiked NDCA. Underdetected limitation had 0.2
nmol/g dry feces.

Linear discriminant analysis effect size (LEfSe)

LEfSe was calculated by using the online galaxy ver-
sion (http://huttenhower.sph.harvard.edu/galaxy/
root, version 1.0.0)>°. Any genus with a max abun-
dance higher than 0.1%, among all samples, was
subjected to the linear discriminant analysis (LDA).
LDA was analyzed using the one-against-all strategy
and genera with scores higher than 2.0 were selected.

Statistical analysis

Statistical analyses were performed using the
R software, version 3.2.2 (http://www.r-project.org/)
and Excel 2011 (Microsoft). For comparing bacterial
abundance, alpha-diversity, and BA concentration
and relative abundance, the Pairwise Wilcoxon rank-
sum test with Benjamini-Hochberg adjustment was
used. Clustering of BA types was performed based on
the BA composition of each sample, in which hier-
archical clustering was calculated based on complete
linkage of Euclidean distances matrix by the heat-
map.2 function in the R gplots package. Correlations
between the relative abundance of bacteria and BA
across samples were calculated with Pearson’s corre-
lation coefficient in R version 3.2.2.

Accession number of 16S rRNA gene sequences

Raw sequence data were deposited in the DNA
Data Bank of Japan (DDBJ) sequence read archive
(DRA007726) under BioProject no PRJDB5316,
which contains links and access to stool sampling
data under BioSample SAMDO00154533 to
SAMDO0015492.

Abbreviation

BA bile acid

BSH bile salt hydrolase

CA cholic acid

CDCA chenodeoxycholic acid

DCA  deoxycholic acid

FXR farnesoid X receptor

LCA lithocholic acid

OTU  operational taxonomic unit
PCoA  principal coordinate analysis
TGR-5 G-protein-coupled bile acid receptor
UDCA ursodeoxycholic acid
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