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ARTICLE INFO ABSTRACT

Keywords: Fructooligosaccharides (FOS) promote the proliferation of Bifidobacterium, especially Bifidobacterium pseudo-

FOS longum in C57BL/6J mice. However, the response of intestinal microbes to FOS is influenced by host genotypes.

Intestinal microbiota Therefore, we compared the intestinal microbiota of four commonly used mice before and after FOS intervention,

Genotypes including C57BL/6J, BALB/c, Institute Cancer Research (ICR), and Kunming (KM) mice. The intestinal micro-

B. pseudolongum . o S g . - - .
biota of the four genotypes exhibited similarities in composition but differences in relative abundance. Bifido-
bacterium was significantly increased to different degrees in the four genotypes of mice after FOS intervention,
and Akkermansia and Bacteroides were also significantly increased in BALB/c and KM mice. Lactobacillus and
Alistipes levels were unchanged or decreased. Within the genus Bifidobacterium, B. pseudolongum was the domi-
nant species in the four genotypes of mice and proliferated significantly after FOS intervention, with dramatic
proliferation in C57BL/6J mice (9.49%). Furthermore, eight strains of B. pseudolongum were screened from the
feces of mice with four genotypes, and there was a great difference in the ability and manner of utilizing FOS
among the strains. The strains from C57BL/6J mice exhibited the strongest utilization of 1-kestose (GF2),
whereas other strains could utilize both GF2 and nistose (GF3) weakly. The gut microbial analysis of mice with
different genotypes complemented our previous studies. The results provided the background strains of the
different mouse genotypes and suggested a correlation between the utilization ability and the response of the
strains to FOS. Further studies on the utilization ability of strains and competition in the intestine will contribute
to the understanding of the mechanisms of the intestinal microbial response to diet.

1. Introduction

In recent years, the composition of intestinal microbiota has received
increasing attention as a factor affecting host health. The intestinal
microbiota of mice has been extensively studied to reveal the relation-
ship between the intestinal microflora and host health. Mouse models
are crucial components of gut microbiome research. However, no spe-
cific mouse model is recommended for dietary interventions, and in-
house or commercially available strains are commonly chosen (Beck
et al., 2000; Hildebrand et al., 2013; Hugenholtz and de Vos, 2018). This
may not be desirable because the genetic backgrounds, experimental
settings, individual differences, and various other factors of the mouse

microbiota complicate cross-study comparisons and a global under-
standing of mouse microbiome patterns (Hildebrand et al., 2013).
Previous studies have compared the effects of genotype (Goodrich
et al., 2014), age, diet, and other factors on the composition of the in-
testinal microbiota. The results indicated that diet had a significant and
rapid effect on the composition of intestinal microbiota, whereas age
showed a weak but lasting impact on gut microbiota (Org et al., 2015;
Parks et al., 2013). Furthermore, sex was found to have no or very
limited impact on intestinal microbiota (Kovacs et al., 2011). The
shaping effects of diet and age on the gut microbiota vary with different
genotypes (Xu et al., 2022). Therefore, genetic differences among mice
with different genotypes may be an important factor in determining the
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gut microbial diversity and overall structure (Carmody et al., 2015; Spor
et al., 2011).

The gut microbiota fulfills a variety of functions in the host,
including degradation of dietary carbohydrates. The existence of indi-
gestible carbohydrates in the diet, especially oligosaccharides, has been
widely studied to determine the impact of intestinal microflora; among
them, Fructooligosaccharides (FOS) have been reported to increase the
relative abundance of Bifidobacterium in BALB/c and C57BL/6J mice
(Wang et al., 2017). Our previous studies further confirmed that FOS
promote the proliferation of B. pseudolongum in C57BL/6J mice (Mao
et al., 2018). However, the host genotype plays an important role in
determining host-microbe interactions (Bonder et al., 2016; Kha-
chatryan et al., 2008), which might lead to different profiles of intestinal
microbiota after FOS ingestion. Therefore, it is necessary to investigate
the intestinal microbial composition and the effect of FOS on the
composition of the intestinal microbiota in mice with different geno-
types. Meanwhile, the detection of the response of B. pseudolongum in
mice with different genotypes to FOS will complement our previous
studies and would also contribute to the understanding of the response
of intestinal microorganisms present in mice with diverse genetic
backgrounds to FOS.

In this study, lllumina MiSeq sequencing and bioinformatics analysis
were used to analyze the intestinal microbiota of the commonly used
experimental mice, Kunming (KM), Institute Cancer Research (ICR),
BALB/c, and C57BL/6J mice before and after FOS administration. By
analyzing the intestinal microbiota of multiple genotypes of mice, we
revealed the diversity of the intestinal microflora of commonly used
mice. The results were compared to provide a reference for the selection
of murine Furthermore, B. pseudolongum strains were isolated from the
four genotypes of mice to compare the ability of B. pseudolongum from
mice of different genotypes to utilize FOS models in intestinal microbial
studies.. The effects of FOS on the composition of intestinal microflora in
different genotypes of mice and the ability of B. pseudolongum strains to
utilize FOS were studied to understand the mechanism of interaction
between prebiotics and intestinal microflora.

2. Material and methods
2.1. Chemicals and reagents

FOS (GFn type, high-performance liquid chromatography purity:
95.93%) were purchased from Bao Lingbao Biotechnology (Shandong,
China). FOS are a mixture of oligosaccharides consisting of one, two or
three fructose units (F) bound to the p-2, 1 position of sucrose (GF)
(Sangeetha et al., 2005). The main components were 1-kestose (GF2:
60.60%), nistose (GF3: 32.45%), and 1F-fructofuranosylnystose (GF4:
2.88%). The reagents used for bacterial culture were obtained from
Sinopharm Chemical Reagents (Shanghai, China), including proteose
peptone, papaic digest of soybean meal, yeast extract, beef extract,
digestive serum, KHoPOy4, NaCl, and L-cysteine hydrochloride (Gu et al.,
2022b).

2.2. Animal experiment design

Eight-week-old male C57BL/6J, BALB/c, ICR, and KM mice were
purchased from Charles River (Shanghai, China). Sixteen mice of each
genotype were randomly assigned to FOS and control groups (n = 8/
group), and four mice were kept in a cage. All mice were fed in an
environment with a 12-h light/dark cycle under constant temperature
(22 °C) and allowed access to water and food ad libitum. All experiments
in this study were approved by the Ethics Committee of Jiangnan Uni-
versity (JN. N020210515m0800710[121]) and were performed in
accordance with the EU guidelines for experimental animals (Directive,
2010/63/EU).

The mice in the FOS and control groups were orally administered
FOS (7.5 g/kg/day) and sterile water, respectively, for 4 weeks after a
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week of adaption. At the end of the experiment, the colon and the cecum
were collected and weighed. The microbiota composition of the feces
and cecal contents were analyzed using the MiSeq platform (Illumina,
San Diego, CA, USA). All samples were stored at —80 °C for further
assays.

2.3. Analysis of SCFAs level in feces of mice

SCFAs were analyzed by Gas Chromatographic Mass Spectrometer
(GC-MS), as described previously, with slight modifications (Mao et al.,
2016). In brief, lyophilized feces were acidified with 20 pL of 10% sul-
furic acid. Then, 0.8 mL of ether was added, and the mixture was mixed
before centrifugation (14,000xg for 5 min). The organic phase was
separated into 0.25 g of anhydrous sodium sulfate to remove the excess
water. The centrifuged supernatant was transferred to a vial to deter-
mine the concentrations of acetic, propionic, butyric, isobutyric, valeric,
and isovaleric acids.

2.4. DNA extraction, polymerase chain reaction (PCR) amplification,
sequencing, and bioinformatics analysis

Fecal and cecal contents from mice were collected to assess changes
in the composition of the intestinal microbiota. Bacterial genomes in
mouse feces and cecal contents were extracted using the FastDNA Spin
Kit for Feces (MP Biomedicals, LLC, Irvine, CA, USA) according to the
manufacturer’s instructions. The V3-V4 region of the 16S rDNA and
groEL gene were amplified. Quantification, sequencing, and bioinfor-
matics analyses were performed as previously described (Mao et al.,
2018).

2.5. Isolation and identification of B. pseudolongum in mouse feces

Fecal samples of mice with different genotypes were collected and
suspended in 9 g/L NaCl solution. The suitable diluent was plated on the
Gifu Anaerobic Medium (GAM) with FOS as the sole carbon source. The
selected strains were purified and identified using 16S rRNA sequencing.
The specific experimental steps of the screening were performed as we
previously described (Gu et al., 2022b).

2.6. Differences in FOS utilization during the growth of B. pseudolongum

Isolated B. pseudolongum strains were inoculated in GAM medium
under anaerobic conditions. The ODggy was measured and the super-
natant was collected every 1 or 2 h. High-performance liquid chroma-
tography (HPLC) analysis of FOS in the supernatants of bacterial
cultures was performed to compare differences in FOS utilization among
the B. pseudolongum strains. The contents of GF2, GF3 and GF4 were
detected using the XBridge ® BEH amino column (Waters, USA, length,
250 mm; internal diameter [i.d.], 4.6 pm) at a column temperature of
35 °C, with a flow phase of acetonitrile-water (75:25) at a flow rate of 1
mL/min. The content was determined with reference to an external
standard (Gu et al., 2022b).

2.7. Statistical analysis

Statistical analyses were performed using Origin 2018 and SPSS 16,
and the results are presented as mean + standard error (SEM). The
differences among groups were judged by ANOVA and the differences
between two groups were judged by the t-test. Statistically significant
differences are indicated with asterisks as follows: *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001.



J. Gu et al.
3. Results
3.1. Body weight, dietary intake, and serum biochemical indicators

The weight and dietary intake of mice were recorded daily during the
intervention period (Fig. 1). The weight gain in the FOS group was
slightly lower than that in the control group. No significant difference in
body weight was observed before and after FOS administration among
the four genotypes of mice (p > 0.05). The body weights of BALB/c and
C57BL/6J mice were 24.06 + 0.98 g and 24.13 + 1.59 g, and that of ICR
mice was 39.57 + 2.25 g. The weight gain of KM mice reached 5.88 +
2.07 g and 6.79 + 3.79 g, respectively in FOS and control groups. The
average daily food intake of the mice also showed no significant dif-
ference between the two groups during the intervention period (p >
0.05), ranging from 2.07 g to 4.36 g in the BALB/C and C57BL/6J
groups. The dietary intake of ICR mice fluctuated from 3.0 g to 6.69 g,
and that of KM mice was from 6.01 g to 14.38 g. Besides, the serum
biochemical markers, including serum glucose (Glu), total cholesterol
(TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) levels also showed no
significant differences between the FOS and control groups (p > 0.05,
Table 1).

3.2. Total and wall weight of the cecum and colon

The cecum and colon were collected and weighed to obtain the total
weight. The wall weights of the cecum and colon were measured after
the removal of the contents (Fig. 2). FOS significantly increased the total
and wall weights of the cecum in mice, in addition to the total weight of
the cecum in ICR mice. The total cecal weight of C57BL/6J mice in the
FOS group was 1.80 times heavier than that in the control group, which
was the most obvious increase among the four genotypes. The cecum of
KM mice was the heaviest (0.58 + 0.09 g) and increased to 1.02 + 0.20 g
after FOS administration. The cecal wall weight of C57BL/6J mice in the
control and FOS groups were 0.07 + 0.01 g and 0.15 + 0.02 g, respec-
tively. FOS had the greatest effect on the cecal wall weight in C57BL/6J
mice. FOS also significantly increased the colonic wall weight of mice
and had the most significant effect on the total colonic weight and
colonic wall weight of KM mice. The colon wall weight of KM mice was
0.25 + 0.03 g in the control group and 0.35 + 0.04 g in FOS group.

3.3. Short-chain fatty acids (SCFAs) determination in mice feces

FOS can be fermented by intestinal microbiota to produce short-
chain fatty acids. After FOS intervention, the contents of acetic acid
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and propionic acid in mice feces increased to varying degrees. The
greatest increase in acetic acid was observed in the feces of C57BL/6J
mice and the greatest increase in propionic acid was observed in the
feces of ICR mice (Table 2). The content of butyric acid was increased in
the feces of C57BL/6J and ICR mice, while it was significantly reduced
in the feces of KM mice. There is no significant difference in the content
of total acid in the feces, and the highest content of total acid reached
286.70 + 75.86 nmol/g in the feces of ICR mice.

3.4. Diversity of intestinal microflora in different mice genotypes

a-Diversity was evaluated using the Chaol, Observed, Shannon, and
Simpson indices (Fig. 3A). After FOS administration, the a-diversity of
the feces showed no statistically significant differences compared to that
of the control groups. Chaol and Observed indices of cecal contents
were significantly enhanced in C57BL/6J mice, indicating that FOS
increased the microbial richness of cecal contents in C57BL/6J mice (p
< 0.01). p-diversity was reflected by principal coordinates analysis
(PCoA) of the weighted UniFrac distance, which provides a measure-
ment of distance or dissimilarity between each sample. The distributions
of the examined fecal and cecal content samples of the FOS and control
groups are plotted in Fig. 3B. The intestinal microflora of BALB/c mice
differed significantly from those of other mice. A distinct clustering
pattern between the control and FOS groups was explicitly observed.
The characteristics and common taxa of the FOS and control groups are
shown in a Venn diagram (Fig. 3C). These results indicated that the
structure of the intestinal microflora of the four genotypes of mice was
significantly different, and FOS administration affected the structure of
the intestinal microbiota.

3.5. Effect of FOS on the cecal and fecal microbiota of mice

The intestinal microbiota of the mice was investigated using 16S
rRNA sequencing. A total of 8,396,395 V3-V4 sequences were gener-
ated, and 151 genera belonging to 10 phyla were identified. At the
phylum level, Firmicutes and Bacteroidetes were the most prevalent
phyla, accounting for over 93.58%, and the proportions of these phyla
varied a lot among the four genotypes of mice (Fig. 4A). Firmicutes-to-
Bacteroidetes ratio (0.91) was the lowest in C57BL/6J mice. Verruco-
microbia accounted for 3.58% in C57BL/6J mice and Deferribacteres
accounted for 4.07% and 1.57% in KM and ICR mice, respectively. After
FOS administration, the relative abundance of Bacteroidetes and Acti-
nobacteria significantly increased, whereas that of Firmicutes decreased
in the four genotypes. The Firmicutes-to-Bacteroidetes ratio showed a
significant decrease (p < 0.05). The relative abundance of
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Fig. 1. The body weight (A) and daily diet intake (B) of mice.
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Table 1
Serum biochemical markers in mice.
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Group Glu (mmol/L) HDL-C (mmol/L) LDL-C (mmol/L) HDL-C/LDL-C TC (mmol/L) TG (mmol/L)
C57-Control 1.46 + 0.68 0.76 £ 0.11 0.14 + 0.02 5.38 + 0.65 1.04 £ 0.15 1.00 £+ 0.13
C57-FOS 0.82 + 0.35 0.71 + 0.09 0.16 + 0.03 4.46 + 0.67 1.03 £0.11 1.02 £+ 0.19
Ba-Control 0.83 +0.35 0.99 + 0.05 0.15 + 0.01 6.50 + 0.40 1.27 £+ 0.07 1.39 £0.11
Ba -FOS 1.15 + 0.49 1.07 + 0.09 0.17 £ 0.02 6.49 +1.12 1.43 £ 0.14 1.79 £ 0.27
KM-Control 0.93 + 0.28 0.91 + 0.15 0.16 + 0.06 5.93 + 1.45 1.23 £+ 0.25 1.14 £+ 0.32
KM-FOS 0.87 +0.20 0.88 +0.16 0.17 + 0.06 5.69 + 0.97 1.21 £ 0.26 1.18 +£0.28
ICR-Control 0.72 + 0.61 1.29 + 0.27 0.30 + 0.09 4.56 + 0.96 1.84 +0.43 1.22 £+ 0.35
ICR-FOS 0.55 + 0.42 1.16 £ 0.25 0.22 + 0.05 491 + 2.54 1.53 £ 0.38 1.07 £ 0.41

Notes: The serum biochemical markers between the Control and FOS groups of the four mice strains showed no significant differences (t-test, p > 0.05).
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Fig. 2. Total weight and wall weight of the cecum and colon.

Table 2

Concentration of short-chain fatty acids (SCFAs) in feces of mice in FOS and control groups.

SCFAs, nmol/g Acetic acid Propionic acid Butyric acid

Isobutyric acid Valeric acid Isovaleric acid Total acid

C57-Control 110.01 + 37.09 42.33 £13.18 22.42 +£7.08
C57-FOS 132.26 + 23.50 45.83 £ 6.26 26.20 + 4.25
Ba-Control 149.06 + 25.96 41.91 £5.81 36.91 +£12.13
Ba-FOS 150.17 £ 9.71 43.10 £ 5.37 25.89 + 4.84
ICR-Control 139.96 + 55.80 45.24 + 14.62 37.14 £ 18.42
ICR-FOS 155.69 + 42.39 56.03 + 15.67 38.00 + 16.26
KM-Control 144.61 + 24.24 41.74 £ 11.65 35.20 + 14.50
KM-FOS 157.22 + 14.95 48.97 £9.22 25.60 + 8.00

12.66 + 4.15 13.55 + 4.35 11.27 + 4.02 212.24 + 68.52
11.21 + 3.56 11.87 + 3.82 9.65 + 2.79 237.01 £ 36.85
10.76 &+ 1.94 11.59 + 2.07 8.85+ 1.74 259.08 + 47.44
10.58 + 1.47 11.21 + 1.65 8.79 + 1.23 249.74 £ 19.85
12.59 4+ 1.92 13.48 + 1.84 10.18 + 1.34 258.59 £ 92.74
12.75 4+ 3.04 13.54 4+ 3.52 10.68 + 2.32 286.70 £ 75.86
11.28 + 4.15 12.22 + 4.54 9.75 + 3.84 262.92 + 59.02
9.43 £ 1.51 9.72 + 1.64 7.64 +1.17 258.58 + 35.04

Notes: The concentration of SCFAs in feces of mice in FOS and control groups showed no significant differences (t-test, p > 0.05).

Actinobacteria was the most significantly increased in C57BL/6J mice
(p < 0.0001), from 0.33% to 13.94%. The relative abundances of Ver-
rucomicrobia and Cyanobacteria were higher in BALB/c mice. And in
ICR mice, the relative abundances of Proteobacteria (5.76%) and Ver-
rucomicrobia (4.44%) also increased. These results indicated that there
were some similarities, but also differences, in the intestinal microbiota
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of the four genotypes of mice. In addition, significant differences in the
response to FOS at the phylum level were observed among the
genotypes.

The distinct variation in the intestinal microbiota at the genus level is
presented in Fig. 4B. Forty-one out of the total genera comprised
>97.29% of the intestinal microbiota. Before the intervention period,
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Fig. 3. a diversity (A), p diversity (B) and Veen diagram analysis (C) of intestinal microbiota of mice with different genotypes.

the genera belonging to Muribaculaceae family were the dominant taxa
in the feces of ICR, KM, C57BL/6J, and BALB/c mice (43.33% and
42.14% in control and FOS groups). Besides, Alistipes and Lactobacillus
accounted for more than 10% in the feces of ICR and C57BL/6J mice.
Lachnospiraceae and Alloprevotella accounted for a large proportion in
these samples. However, the cecal contents showed a different compo-
sition of microbiota than the feces. The relative abundance of Lachno-
spiraceae, Desulfovibrio, Roseburia, and Lachnoclostridium was higher
than that in the feces, while there was a decrease in Lactobacillus and
Muribaculaceae.

Despite the similar composition of intestinal microflora in the four
genotypes of mice, the response of the microbiota to FOS was diverse in
the four genotypes of mice. After FOS intervention, the composition of
intestinal microbiota changed independently in the feces and cecal
contents of the four genotypes of mice, except for the growth of Bifido-
bacterium in all genotypes of mice (Fig. 4C). Eleven genera showed
significant variation in the feces of C57BL/6J mice. The relative abun-
dance of Bifidobacterium increased sharply from 0.23% to 10.46% in the
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feces of C57BL/6J mice, and Coriobacteriaceae UCG-002, Pre-
votellaceae UCG-001, and Ruminococcus also increased. However, the
relative abundance of Akkermansia (from 0.09% to 8.02%) increased
more than that of Bifidobacterium (from 0.00% to 1.87%) in the feces of
BALB/c mice, whereas the relative abundance of Lachnospiraceae and
Lactobacillus showed an obvious decrease. In the feces of ICR mice, the
relative abundance of Bifidobacterium, Akkermansia, and Mur-
ibaculaceae increased significantly while that of Alistipes decreased. FOS
also had a significant effect on the fecal microbiota of KM mice. The
relative abundances of Muribaculaceae and Bacteroides showed a
maximum increase, whereas that of Bifidobacterium increased to 2.46%.
The relative abundance of Lactobacillus and Alistipes decreased.

The microbial composition of the cecal contents was not consistent
with that of feces before and after FOS administration at the genus level.
FOS significantly promoted the proliferation of Bifidobacterium and
decreased that of Lactobacillus and Alistipes in the cecal contents of mice.
The relative abundance of Bifidobacterium in C57BL/6J mice increased
from 1.09% to 12.23% and reached 0.76%, 2.42%, and 3.76% in the
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Fig. 4. Effect of FOS on the cecal and fecal microbiota of mice. (A) the relative abundance of fecal microbiota in mice of different genotypes at the phylum level. (B)
the composition of fecal and cecal microbiota at the genus level. (C) the key fecal microbiota in mice of different genotypes at the genus level after FOS
administration.
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cecal contents of BALB/c, ICR, and KM mice, respectively.

3.6. Effect of FOS on the composition of bifidobacterium in mice

Furthermore, we explored the changes in the composition of bifi-
dobacteria at the species level. Thirteen bifidobacteria species were
detected among the samples from the four genotypes of mice using groEL
sequencing. As shown in Fig. 5, B. pseudolongum, B. longum, B. breve and
B. pseudocatenulatum were the predominant members of the Bifido-
bacterium in the feces and cecal contents. After FOS intervention,
B. pseudolongum proliferated significantly and became the most abun-
dant species, reaching 98.07% in the feces of C57BL/6J mice. The
relative abundance of B. pseudolongum in feces was higher than that in
cecal contents. In the whole intestinal microbiota, the relative abun-
dance of B. pseudolongum was 9.31% and 9.49% in cecal contents and
feces of C57BL/6J mice, respectively, and 0.72% and 1.64% in BALB/c
mice, 3.29% and 4.36% in ICR mice, and 0.75% and 2.32% in KM mice.
Meanwhile, the relative abundance of B. longum increased and that of
B. pseudocatenulatum decreased slightly in both feces and fecal contents.
Thus, the intestinal microbiota of the four genotypes of mice showed the
same changes after oral administration of FOS, both in feces and cecal
contents. FOS stimulated the proliferation of B. pseudolongum in the
intestinal microbiota of the four genotypes of mice, and the proliferation
was more remarkable in C57BL/6J mice.

3.7. Changes in gut microbial functions predicted via PICRUSt2

PICRUSt2 was used to perform functional predictions of 16S rDNA
sequencing results (Fig. 6). Based on the KEGG pathway database, third-
level analysis of functional categories of the KEGG pathway suggested
that the relative abundance of most predicted functional categories
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changed significantly among the different groups (Kruskal-Wallis test, p
< 0.05). Compared with the control group, 29 functional modules (14
increased) were significantly altered in the feces of the C57BL/6J mice.
The majority of the gene families were involved in membrane transport,
replication and repair, amino acid metabolism, and carbohydrate
metabolism. FOS improved replication and repair, translation, amino
acid metabolism, energy metabolism, nucleotide metabolism, and
cofactor and vitamin metabolism in C57BL/6J mice. FOS significantly
promoted bacterial metabolism and cellular processes in the feces of
BALB/c mice and membrane transport in the cecal contents of BALB/c
mice. Similarly, in the feces and cecal contents of KM mice, FOS mainly
increased the bacterial metabolism, cellular processes, and replication
and repair. Level 2 KEGG pathways associated with “chromosome”,
“pyruvate metabolism”, “phenylalanine, tyrosine and tryptophan
biosynthesis” and “valine, leucine and isoleucine biosynthesis” were
relatively the most abundant in the feces of ICR mice, while chlor-
oalkane and chloroalkene degradation were predicted to be more
abundant in the cecal contents.

3.8. Identification of B. pseudolongum in mouse feces

To compare the ability of B. pseudolongum from mice of different
genotypes to utilize FOS, eight strains of B. pseudolongum species were
screened from mouse feces, including C1 and C2 from C57BL/6J mice,
B3 and B10 from BALB/c mice, I5 and 16 from ICR mice, and K1 and K2
from KM mice (Table 3). The ODgoo and pH values were measured after
culturing in GAM medium. The colonies of all strains turned yellow in a
culture medium supplemented with bromocresol violet as indicators and
FOS as the sole carbon source, indicating that all screened strains could
produce acid during FOS fermentation. The ODgyo and pH were
measured after 24 h of culture in GAM medium. The pH of the medium
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Fig. 5. Effects of FOS on the relative abundance of Bifidobacterium species in the Bifidobacterium genus in the feces (A) and cecal contents (B), and the relative
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Fig. 6. Effect of FOS on intestinal microbiota functions predicted by PICRUST2.
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Table 3

Strains of B. pseudolongum isolated from mouse feces.

Origin Strains ODgoo pH FOS consumption
C57BL/6J mice C1 2.19 £ 0.08 4.73 £ 0.04 +
c2 1.88 + 0.45 4.76 + 0.01 +
Balb/C mice B3 1.90 + 0.36 4.76 + 0.02 +
B10 1.91 +£0.51 4.77 £ 0.04 +
ICR mice 15 1.82 + 0.40 4.76 + 0.01 +
16 2.15+0.28 4.75 + 0.01 +
KM mice K1 1.92 +0.39 4.72 + 0.04 +
K2 1.78 + 0.57 4.72 + 0.01 +

Notes: The ODggp and pH of the B. pseudolongum strains after incubation in the
GAM medium showed no significant differences (ANOVA, p > 0.05).

was approximately 4.7 for all strains. The ODggg of strains C1 and I6 was
the highest, reaching 2.19 + 0.08 and 2.15 + 0.28, respectively. The
results indicated a difference in FOS utilization among the strains.

3.9. Differences in FOS utilization during bacterial growth

To further determine the differences in FOS utilization among the
strains during bacterial growth, we monitored the growth of the iden-
tified species in GAM medium with FOS as the sole carbon source
(Fig. 7). The strain C1 from C57BL/6J mice and I6 from ICR mice grew
faster and reached a plateau in approximately 9 h. The strains from
BALB/c and KM mice had similar growth profiles and showed longer
generation times. We measured the number of viable bacteria at the end
of the logarithmic phase. The maximum viable count of C1 reached 6.60
x 108 CFU/mL at the stationary phase, and no significant difference was
observed between the abundance of C2 and 16 (over 4.00 x 10® CFU/
mL), whereas the number of the other strains showed fewer viable
counts. The medium supernatants from 0 h, initial logarithmic phase,
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end of the logarithmic phase, and 24 h incubations were collected for the
detection of FOS content. It was evident from HPLC that all strains uti-
lized GF2 and GF3 to varying degrees after incubation, confirming the
significant differences in their ability to utilize FOS (see Fig. 8).

The rate of FOS consumption in the logarithmic phase of the
screened strains was calculated by determining the FOS content in the
early and end logarithmic phases, as shown in Fig. 9. None of the eight
screened strains utilized GF4, and significant differences were observed
in the utilization rates of GF2 and GF3. The strains C1 and C2 isolated
from C57BL/6J mice could not utilize GF3, but the two strains utilized
GF2 at the highest rate of 0.89 + 0.18 g/h and 0.50 + 0.09 g/h,
respectively. I5 utilized FOS at a rate similar to C2 but utilized GF3 at the
highest rate among the eight strains (0.07 + 0.02 g/h). The strains
originating from BALB/c and KM mice utilized GF2 at a lower rate of
approximately 0.30 g/h. Thus, the ability of B. pseudolongum strains
obtained from different genotypes of mice to utilize FOS differed
significantly. The two strains of B. pseudolongum derived from C57BL/6J
mice exhibited a shorter growth generation and utilized FOS at the
fastest rate, whereas the strains derived from BALB/c and KM mice had a
lower ability to utilize FOS. Combined with the previous results of this
study, we hypothesized that FOS utilization capacity might be one of the
key factors to influence the response of B. pseudolongum to FOS in vivo.

4. Discussion

Few previous studies on diet and intestinal microflora have
compared the response of intestinal microflora in mice with different
genotypes to diet in the same experiment. Our previous studies showed
that FOS significantly promoted the proliferation of B. pseudolongum in
C57BL/6J mice (Mao et al., 2018; Gu et al., 2019, 2022a). Considering
that differences in the background strains in mice with different geno-
types affect the response of bacteria species to FOS, we analyzed the
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Fig. 7. The growth curve of the strains in GAM medium with FOS as the sole carbon source.
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Fig. 9. The rates of FOS consumption during the logarithmic phase.

intestinal microbiota of the four commonly used strains of mice before
and after FOS ingestion in this study. The results obtained are helpful for
the selection of suitable strains of mice and for the detection of the
mechanism of the response of B. pseudolongum to FOS.

Based on 16S rDNA sequencing, we detected intestinal background
bacteria strains in mice with different genotypes. The intestinal micro-
biota of the four genotypes exhibited similarities in composition and
differences in relative abundance. The differences might be because the

genotype accounts for a substantial fraction of the abundance of the
most common microbiota in a certain environment (Org et al., 2015).
Muribaculaceae occupied a high relative abundance in mice, especially
in the feces of BALB/c mice (over 40%). Muribaculaceae (belonging to
the genus Bacteroides) is a common and abundant inhabitant of
mammalian intestines, especially in mice. Muribaculaceae specializes in
polysaccharide fermentation to primarily produce propionate (Ormerod
et al., 2016; Smith et al., 2021). Lachnospriaceae and Alistipes showed
higher relative abundances in KM and ICR mice, respectively. Jiang et al.
(2020) and Chen et al. (2020) also reported the highest abundances of
Lachnospriaceae and Muribaculaceae in KM mice. Lachnospriaceae is a
butyric-acid-producing bacterium that is negatively correlated with in-
testinal disorders and other diseases (Flint et al., 2012).

Moreover, the relative abundance of cecal microbes also differed
considerably from that of fecal microbes, which differentiated func-
tional and metabolic differences between the cecal and fecal microbiota
in mouse (Tanca et al., 2017). The variation tend in the relative abun-
dance of fecal and cecal microbes in this study were similar to that in our
previous study. We previously analyzed the taxonomic composition of
the intestinal microbiota at different sampling sites in C57BL/6J mice
and described the composition of the intestinal microbiota along the
intestinal tract (Gu et al., 2019). Physicochemical conditions (pH, redox
potential, oxygen, and salts concentration) and biochemical interactions
(with molecules released by the intestinal epithelium, immune cells, and
other microbes) change along the gastrointestinal tract, that might
shape the microbiota (Haange et al., 2012).

The intestinal microbiota of inbred and closed colony mice was
consistently shaped by FOS, indicating that diet played a dominant role
in shaping the gut microbial ecology. The effect of FOS on the intestinal
microbiota varied with different genotypes despite the similar
commensal composition of the mice. The initial relative abundance of
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Bifidobacterium was similar (<0.10%) among the four genotypes of mice
but increased to varying degrees after FOS ingestion (Fig. 4), especially
in C57BL/6J mice, which increased to over 10% in this study. The dif-
ferences in the response of intestinal microbiota to FOS under specific
feeding conditions might be related to the host genotype. Bonder et al.
(2016) provided evidence of a gene-diet interaction in the regulation of
Bifidobacterium abundance. The abundance of taxa regulated by the host
genotype is associated with diet sensing, metabolism, and immunity
(Goodrich et al., 2016). Khachatryan et al. also proposed the importance
of host genetics in the determination of host-microbe interactions, but
the exact mechanisms underlying this interaction are not fully under-
stood (Khachatryan et al., 2008).

B. pseudolongum is a widely distributed gut commensal in animals
and is more likely to colonize the gut of mice (Lugli et al., 2019; Xiao
et al., 2021). B. pseudolongum dominated the genus Bifidobacterium and
was significantly promoted by FOS in the feces and cecum of mice of
different genotypes. This effect was more pronounced in C57BL/6J
mice. In our previous study, we investigated the ability of several
FOS-metabolizing species to utilize FOS and found that B. pseudolongum
utilized FOS with a shorter growth generation time, faster rate of FOS
utilization, and higher enzymatic activity, which was presumed to be
one of the mechanisms for the competitive advantage of B. pseudolongum
in vivo (Gu et al., 2022b). Hopkins et al. (1998) also concluded that
B. pseudolongum exhibited a higher growth rate and bacterial cell yield
than B. longum and B. breve when cultured in a medium with FOS as the
sole carbon. In this study, B. pseudolongum was stimulated differently in
different strains of mice, which might also be due to the difference in the
ability of B. pseudolongum to utilize FOS in different strains of mice.

To determine the relationship between B. pseudolongum competition
and FOS in mice with different genetic backgrounds, we isolated eight
strains of B. pseudolongum from the feces of the four genotypes of mice
and examined their ability to utilize FOS. The main components of FOS
are GF2 (60.60%) and GF3 (32.45%), with one more fructose unit than
GF2. According to our previous study (Gu et al., 2021), B. pseudolongum
translocated FOS to intracellular hydrolysis by permease, and the
transport capacity might decrease as the degree of poly-merization in-
creases. Therefore, the B. pseudolongum strains isolated from different
genotypes of mice showed a lower rate of GF3 utilization and a higher
utilization rate of GF2. Meanwhile, we found differences in the utiliza-
tion of FOS by strains from different sources, and the strains derived
from the same feces also showed significant differences in utilization
capacity in vitro, suggesting the importance of analyzing bacterial
function at the strain level. The fermentation capabilities of carbohy-
drates vary considerably among B. pseudolongum strains (Lugli et al.,
2019). The rate of FOS utilization by different strains might be related to
the efficiency of the transport system and the enzymatic activity of the
hydrolase. This study presents for the first time the dramatic differences
in the ability and pattern of FOS utilization by B. pseudolongum strains,
and further genomic characterization of the eight strains is necessary.

The two strains of B. pseudolongum screened from the feces of C57BL/
6J mice were more efficient in utilizing FOS, which is consistent with the
dramatic increase in C57BL/6J mice, indicating that stronger utilization
of FOS by B. pseudolongum strains might determine an advantage to
compete in vivo. Efficient (arabino) xylan utilization contributes to
Prevotella dominance in the human gut (Galvez et al., 2020). Thus, di-
etary interventions are a potential tool to modulate the gut microbiota
and further impact host health (Kovatcheva-Datchary and Arora, 2013).
Future studies on the mechanism of the bacterial response to diet in vivo
would provide crucial clues for understanding the relationship between
intestinal microflora and health.

5. Conclusion
In this study, we analyzed the intestinal microbiota of four

commonly used mice, C57BL/6J, BALB/c, ICR, and KM, before and after
FOS intervention. The intestinal microflora composition of the mice
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with different genotypes was similar but differed in relative abundance.
FOS promoted the proliferation of B. pseudolongum in all four genotypes
of mice, with the most significant effect on C57BL/6J mice. The ability
and manner of FOS utilization by B. pseudolongum strains from different
genotypes of mice varied greatly, with strains derived from C57BL/6J
mice being more capable of utilizing FOS. The gut microbial analysis of
mice with different genotypes complemented our previous studies.
These findings provided information on the gut background bacteria
strains for experiments related to the intestinal microbiota to facilitate
the selection of murine models and suggested a possible correlation
between FOS utilization ability and the response of bacteria strains to
FOS in vivo. Further studies on the ability of bacteria strains to utilize
FOS and competition in the intestine will help us to better understand
the mechanisms of the intestinal microbial response to diet.
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