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Abstract

Background
Colonization of gut microorganism is related to maturation of B cells in peripheral immune organs. This study aims to investigate the effect of
intestinal micro�ora in Germ-free (GF), Speci�c Pathogen-free (SPF) and Clean (CL) BALB/C mice to small intestine total B-cell and memory B-cell
receptor (BCR) complementary-determining region 3 (CDR3) repertoire.

Results
The composition and characteristics of intestinal micro�ora were analyzed by 16S rDNA sequencing. Genomic DNA extracted from small intestine
tissue and memory B-cells of GF, SPF and CL mice were conducted via high-throughput DNA sequencing methods. As expected, signi�cant differences
of gut micro�ora diversity were observed in the three mice groups. CL group showed the most diversity, followed by SPF group, and GF group had the
lowest diversity. Moreover, anormogenesis of intestinal lymphoid tissue were observed in GF mice. Diversity of the BCR heavy chain CDR3 repertoire in
memory B cells were signi�cant difference among three groups, but not in total B cells. The nucleotide polymorphism, usage frequency of gene
segments (V, D, J, V–J gene segments) and amino acid of total B cells and memory B cells CDR3 were comparable among three mice groups, and
there was signi�cant difference between CL and GF mice groups.

Conclusions
The results of this study advocate that the colonization of intestinal microorganisms affect the diversity of B cells CDR3 repertoire. Elucidating
mechanism of microbiome participated in the function of intestinal mucosal immune system may have positive effects on human health, and it
requires further investigation.

Background
Dysregulation of intestinal mucosal immune system can progressively lead to autoimmune disease and in�ammation-driven carcinogenesis [1]. The
gut microbiota has been shown to play critical roles in maintaining intestinal mucosal immune system homeostasis [2–4]. The intestinal mucosal
immune system includes three different mucosal lymphoid structures: the epithelia, Peyer’s patches and the lamina propria [5]. Both Peyer’s patches
and the lamina propria contribute to generating B cells and plasma cells. Activated B cells consistently generate IgA-producing plasma cells for T cell-
dependent and T cell-independent responses in the gut to protecting the gut barrier [6–8]. Intestinal microorganisms can stimulate B cells to secrete
SIgA, which in turn regulates the diversity of intestinal microorganisms [9]. Moreover, the number of plasma cells in GF mice is greatly reduced, but the
mature IgA production can be induced by transplanting Filamenous, Clostridium or Alcaligenes to GF mice [10]. Recent studies have shown that the
colonization of intestinal microorganisms can promote the maturation of B cells in peripheral immune organs [11]. However, the effects of
colonization of diverse intestinal microorganisms on the intestinal total B cells and memory B cells are unknown.

B cells are the main cell group that mediates the humoral immune response. Speci�c recognition and binding of an antigen are the BCRs expressed on
the surface of B cells. Complementarity-determining region 3 (CDR3) is the most hyper-variable region in B cell receptor (BCR) gene, and the most
critical structure in antigen recognition [12, 13]. Comparing the diversity of BCR CDR3 repertoire, length distribution, IGHV, IGHD and IGHJ gene family
expression and IGHV-IGHJ family distribution, the physiological and pathological state of the immune system can be evaluated [14, 15].

Germ free (GF), gnotobiotic (GN), speci�c pathogen free (SPF) and clean (CL) mice are conventional experimental model animals for studying the
establishment and breaking of balance between intestinal micro�ora and intestinal immune system. Compared with speci�c pathogen free (SPF)
animals, GF animals produce fewer IELs [16] and have signi�cantly reduced plasma cells and Tregs in the mucosal lymphoid structures [17, 18]. In the
present study, the diversity of intestinal microorganisms was assessed by 16S rDNA sequencing in GF, SPF and CL mice, and BCR CDR3 repertoire
diversity of total B cells and memory B cells in small intestine were analyzed by high-throughput DNA sequencing methods. The mechanism of
interaction between intestinal micro�ora and intestinal immune system was explored from the perspective of intestinal micro�ora and BCR heavy
chain CDR3 repertoire diversity. The present study enhances the current understanding of the balance between gut micro�ora and intestinal mucosa
immune system.

Results
Morphological Differences of Intestinal Tissues and Organs

Compared with CL and SPF grade mice, the intestinal of GF mice have characteristic changes, which are mainly manifested as the enlargement of
cecum and the thin intestinal wall (Figure 1A). Moreover, signi�cant differences in the morphology of the small intestine and mesenteric lymph nodes
of GF grade mice were observed by H&E staining sections (Figure 1B). In GF mice, the density of small intestinal villi was thinner, the length of small
intestinal villi was longer, the depth of crypt was deeper, and the glandular layer and basal layer were thinner. In addition, the original germinal center of
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the mesenteric lymph nodes became smaller, and the diffuse lymphoid tissue between the super�cial cortical lymph nodes under the capsule of the
lymph nodes was less. It is suggested that the tissue structure of small intestine and lymph nodes of GF mice are dysplasia.

Sequencing of Intestinal Flora

In order to explore the factors that affect the intestinal mucosal immune system of three different feeding levels mice, we detected the diversity of
intestinal microorganisms in GF, SPF and CL mice. The Operational Taxonomic Units (OTU) statistical results of mouse intestinal �ora were shown in
Additional �le 1. The OTU number of intestinal �ora in GF, SPF and CL groups were about 50, 280 and 330, respectively. The results of principal
component analysis showed that the composition of intestinal micro�ora was different in three grades of mice, and the composition of intestinal
micro�ora in SPF group and CL group were similar (Additional �le 2). OTU Rank analysis showed that the species richness and evenness of intestinal
micro�ora were the lowest in GF mice, and the diversity of intestinal micro�ora was relatively rich in SPF and CL mice, among which CL mice were the
most abundant (Additional �le 2).

Species Composition and Clustering of Intestinal Flora

By comparing the sequencing results of intestinal �ora with the available database, the features of species classi�cation of intestinal �ora were
conducted (Figure 2 and Additional �le 3). About 99% of the fecal �ora of GF grade mice were Brevibacilli in the phylum Firmicutes. The intestinal
micro�ora of SPF and CL mice were mainly composed of Firmicutes and Bacteroidetes, but the proportion of the two groups were different.
Bacteroides was the main composition of intestinal micro�ora in SPF mice, mainly including s24-7, rikenellaceae, prevotellaceae, bacteroideae and
paraprevotellaceaes. The intestinal micro�ora of CL mice was mainly composed of Firmicutes, including clostridia under clostridia. Further analysis
showed that about 10% of the unique intestinal micro�ora in CL group were desulfovibrionaceae and helicobacteraceae under proteobacteria.
Moreover the cluster analysis of six classi�cation levels of intestinal microorganisms also indicated that the species of intestinal microorganisms in
GF group were less, and almost all of them were Bacillus brevis.

Species Diversity Analysis of Intestinal Flora

The Chao index, Shannon index, Ace index, Simpson index and Observed species index were used to evaluate the alpha diversity of the samples, and
the results showed that there were signi�cant differences in the �ve diversity indexes of intestinal �ora among the three groups (P < 0.05), suggesting
that the diversity of intestinal �ora were different among the three groups. The diversity of intestinal �ora was the most abundant in CL mice, followed
by SPF mice, and the lowest in GF mice (Additional �le 4).

Detection of BCR Heavy Chain CDR3 Sequence

High-throughput sequencing was performed on memory B cells and total B cells in small intestine of GF, SPF and CL mice to obtain BCR heavy chains
CDR3 libraries. Each library was �ltered to obtain high-quality reads and compared with databases. The statistical results were shown in Table 1. The
ratio of unique nucleotides to total nucleotides and the ratio of productive unique nucleotides to total productive nucleotide in B cells BCR CDR3
sequence were lower than those in memory B cells in all three groups. The ratio of unique CDR3 amino acids to total CDR3 amino acids and the ratio
of unique in frame CDR3 amino acids to total in frame CDR3 amino acids were higher than those in memory B cells in GF and SPF groups, and the CL
group was the opposite.

Diversity of the BCR Heavy Chain CDR3 Repertoire

The inverse Simpson’s diversity index (1/DS) for small intestine BCR heavy-chain CDR3 repertoire of total and memory B cells were showed in Figure 3.
The values of 1/DS were signi�cant in different animal groups among total and memory B cells. The highest index of total B cells was detected in SPF
group, followed by GF group, and the lowest was CL group. For memory B cells, the 1/DS index was positively correlated with the feeding level of mice.

Usage Frequency of V, D and J Gene Segments of the BCR Heavy Chain CDR3 Region

The usage frequency of the V, D and J gene segment in the BCR Heavy chain CDR3 were determined among three groups. IGHV03-02 IGHV14-02
IGHV09-03 IGHV05-17 IGHV06-06 IGHV02-09 IGHV01-04 IGHV01-09 and IGHV01-14 were common high frequency (> 2%) IGHV genes of total B cells
in all groups. IGHV14-02 IGHV03-02 and IGHV09-03 were common high frequency IGHV genes of memory B cells in all groups. Holm-Sidak Test
showed that the distribution of the IGHV gene found in total B cells and memory B cells were signi�cant difference among three groups. In addition,
some IGHV genes disappeared in GF and CL groups, for instance, IGHV08-04 and IGHV02-02-1 genes of total B cells, only found in GF and SPF groups
(Additional �le 5).

Similarly, common high-frequency IGHD genes were found in the total B cells (Figure 4 A) and memory B cells (Figure 4 B) of the three groups of mice.
However, both in total B cells and memory B cells, the difference of IGHD genes distribution among three groups were insigni�cant (P >0.05).

IGHJ04-01 and IGHJ03-01 were common high-frequency IGHJ genes both in total B cells (Figure 4 C) and memory B cells (Figure 4 D) in three groups.
Statistical analysis showed that the usage frequency of IGHJ04-01 gene in BCR heavy chain CDR3 repertoire of total B cells of small intestine in CL
group was signi�cantly lower than that in GF and SPF group (P <0.05), while the usage frequency of IGHJ04-01 gene of memory B cells in GF groups
was the lowest and did differ signi�cantly between GF and SPF groups in terms of IGHJ04-01 gene distribution.
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The Combinations of the BCR Heavy Chain V and J Genes

Hierarchical clustering heat map was created to comparatively analyze the combinations of total B cells (Figure 4 E) and memory B cells (Figure 4 F)
BCR heavy chain V and J genes in the three groups, and T-test was performed to examine the distribution ratio of combinations. Five (IGHV06-06-
IGHJ03-01 IGHV03-02-IGHJ01-01 IGHV03-02-IGHJ03-01 IGHV03-02-IGHJ02-01 IGHV02-09-IGHJ03-01) and three (IGHV14-02-IGHJ03-01 IGHV09-03-
IGHJ04-01 IGHV09-03-IGHJ02-01)common combinations were found in total B cells and memory B cells of all groups. The combinations in total B
cells between GF group and SPF group was relatively close, while SPF and CL group was relatively close in memory B cells. Compared with GF groups,
one combination (IGHV03-02- IGHJ03-01) of total B cells and two combinations (IGHV03-02-IGHJ03-01and IGHV14-02-IGHJ04-01) of memory B cells
were signi�cantly up-regulated both in CL and SPF groups. In addition, the combinations (IGHV01-80- IGHJ04-01) of total B cells was signi�cantly
down-regulated both in GF and SPF groups by comparing with CL groups.

Amino Acid Sequences in the BCR Heavy Chain CDR3 Repertoire

In analysis of amino acid sequences, Tyrosine was found as most popular amino acid in the BCR heavy chain CDR3 repertoire of total (Figure 5 A) and
memory B cells (Figure 5 B) in all three groups, the usage frequency was about 20%. Statistical analysis showed that the usage frequency of
methionine was signi�cantly decreased in total B cells of both CL and SPF groups by comparing to GF group, while was signi�cantly increased in
memory B cells of SPF groups. The average CDR3 length of nine BALB/c mice were 12 amino acid-based Gaussian distribution, and statistical
analysis showed that the difference in the CDR3 length distribution of total (Figure 5 C) and memory B cells (Figure 5 D) among the three groups was
insigni�cant (P > 0.05).

The overlap amino acid sequence was also analyzed both in total B cells (Figure 5 E) and memory B cells (Figure 5 F). 37 amino acid sequences were
shared in the total B cells of the nine BALB/c mice, and only one amino acid sequence was shared in the memory B cells of the nine BALB/c mice.
However, the frequency of all the common amino acid sequences was low (<0.5%). Top 10 most frequent amino acid sequences in each mouse total B
cells and memory B cells were also detected (data not shown), the highly conserved amino acid motif "WYFDV " was found in all three group’s total B
cells, and the most was found in GF group. Two highly conserved amino acid motifs (“RYFDV” and “WYFDV”) were detected in all three group’s
memory B cells. Interestingly, the most was also found in GF groups.

Mutations Frequency of BCR Heavy Chain CDR3 Repertoire

The statistical results of nucleotide polymorphism of CDR3 repertoire of total B cells and memory B cells in three experimental groups were shown in
Figure 6. The insertion and deletion of nucleotides in total B cells were signi�cantly different in three experimental groups (P <0.05), including the
number of total nucleotide insertion, D5 'deletion, J gene deletion, V-D gene insertion and D-J gene insertion. In contrast, amino acid insertion and
deletion in memory B cells were signi�cantly different only at the D3 ' deletion (P <0.05).

Further analysis of high frequency mutation of V gene showed that the proportion of V gene mutation in total B cells was different in three groups of
experimental animals, and the proportion of mutation sequence in CL was signi�cantly higher than that in SPF and GF groups with 400-800 mutations
per 10,000 bases. The proportion of mutation sequences in memory B cells was about 70%, and there was no signi�cant difference among the three
experimental groups.

Discussion
BALB / c mice have been widely used in immunology research because of their small individual differences, pure genetic genes and good overall
quality. However, different feeding environment may affect intestinal immunity[11]. The characteristics of immune organs and tissues in GF
experimental animals were described as follows: thymic epithelial cells became larger, cytoplasmic vesicular structure and lysosome became smaller;
the development of spleen and peripheral lymph nodes were limited; cecum became larger, intestinal wall became thinner, mesenteric lymph nodes
and Pais lymph nodes were smaller, and primary germinal center became smaller[25–27]. In this study, the histological morphology of small intestine
and lymph nodes of GF mice was signi�cantly different from that of CL and SPF, which was consistent with the early literature, suggesting that
different the feeding environment may affect the mucosal immune system of mice.

Intestinal dysfunction is related to the changes in intestinal microbes[28]. Uncovering the composition of the microbiota and its metabolic products
can help determine novel biomarkers of the disease and help identify new therapeutic targets. In this study, the intestinal micro�ora of GF, SPF and CL
mice were different. The species of the intestinal micro�ora of GF mice were almost Brevibacillus, and the species composition of the intestinal
micro�ora of SPF and CL mice were mainly composed of Firmicutes and Bacteroidetes, which was consistent with the previous literature[29, 30].
Moreover, qualitative and quantitative analysis showed that there were signi�cant differences in species richness, evenness and diversity of intestinal
�ora among the three groups. Among them, CL group had the richest species diversity and evenness, followed by SPF group, while GF group had the
lowest. The composition of intestinal micro�ora among different feeding levels of mice were also different. The higher the feeding level, the less the
species composition of intestinal micro�ora.

The colonization of intestinal microorganisms may affect the diversity of the immune repertoire. The diversity of IgA repertoire in the small intestine of
GN mice is more than that of GF mice[31], and Chen et al. demonstrated that microbial symbionts in�uence host immunity by enriching frequencies of
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antibacterial speci�cities within preimmune B cell repertoires[32]. As the BCR diversity plays an essential role in effective immune response, the high
diversity in subtypes of immune proteins is expected to have more effective immune response against pathogens [33]. Here, we analyzed the BCR
heavy chain CDR3 repertoire diversity of intestinal memory B cells and total B cells in GF mice, SPF mice and CL mice. Compared with GF group, the
diversity of BCR heavy chain CDR3 repertoire of small intestine memory B cells in SPF group and CL group was more abundant, but the diversity of
BCR heavy chain CDR3 repertoire of total B cells was not signi�cant. It is suggested that the diversity of intestinal �ora may be related to the diversity
of BCR heavy chain CDR3 repertoire of small intestinal memory B cells in BALB / c mice.

During the development of B lymphocytes, V, D, and J gene segments of BCR are rearranged. It has been found that the expression of V gene was
signi�cant different in gut lamina propria B cells of GF and GN mice[32, 34]. In this study, IGHV03-02 IGHV14-02 IGHV09-03 IGHD01-01 IGHJ04-01
IGHJ03-01 and IGHV09-03-IGHJ02-01 combination are common high-frequency genes both in total and memory B cells of all three groups. In T test
for frequency usage of BCR heavy chain V, D, J, and V–J segments, we identi�ed two up-regulated genes in total B cells: IGHV03-06 and V-J
combination (IGHV03-02- IGHJ03-01); and two down-regulated genes: IGHV01-09 and IGHV15-02 by comparing with GF groups. These abnormal
expressions of BCR heavy chain CDR3 of V, D, J, and V-J combinations sub-family gene may be involved in the development disorder of immune
organs in intestinal mucosa of GF mice. Moreover, these up-regulated genes in CL and SPF mice may be associated with BCR-speci�c clonal
proliferation of B lymphocytes.

During BCR germline gene recombines, different number of nucleotides can either randomly insert into V–J segments or V-D-J segments. Oppositely,
different number of nucleotides can randomly delete in V–J segments or V-D-J segments. Through the insertion or deletion, a highly diversity variable
CDR3 region can be generated in ways of differences in length and amino acid sequences of the BCR CDR3[35, 36]. In this study, there were different
numbers of inserted and deleted nucleotides in BCR heavy chain CDR3 region of memory B cells and total B cells of three groups of mice. Compared
with SPF group, the number of inserted and deleted nucleotides was signi�cantly increased, which may affect the length distribution of amino acid
sequence in CDR3 region.

In addition, the V gene is considered to be a high frequency mutation region. It has been reported that the increase in the number of V gene mutations
is positively related to the a�nity of antigen binding[37, 38]. The proportion of mutation in V gene region of total B cells in CL group was signi�cantly
higher than that in SPF and GF groups, which may be related to the abundance of small intestinal �ora in CL group.

Conclusion
We analyzed the diversity of intestinal micro�ora in GF, SPF and CL mice. The colonization of intestinal micro�ora may affect the development and
maturation of the small intestine and lymph nodes. We constructed BCR heavy chain libraries of total B cells and memory B cells in the small intestine
of GF, SPF and CL mice, and found that the diversity of total B cells and memory B cells CDR3 repertoire in GF, SPF and CL mice was different,
suggesting that the colonization of intestinal micro�ora may affect the immune response and tolerance of B cells.

Materials And Methods
Sample Collection

A total of nine female BALB/c mice were purchased from the Department of experimental zoology, the basic Department of the China Third Military
Medical University. Among them, there were three GF mice, SPF mice and CL mice respectively, each weighing 21-24g. All animals and experiments
were conducted according to the guidance of animal care and use of laboratory animals (Ministry of health, China) and approved by the experimental
animal and use ethics committee of Zunyi Medical University. Feces of all mice were collected and sent to Beijing Genomics institution for sequencing
of intestinal microorganisms. Small intestine and mesenteric lymph nodes were collected at the time of sacri�ce by cervical dislocation.

Morphological Analysis

The small intestine and mesenteric lymph nodes were �xed in 4% paraformaldehyde overnight at 4 ℃, embedded in para�n, sectioned into 8-μm thick
slices, depara�nized, and stained with hematoxylin and eosin (H&E). Tissue morphology was observed under a light microscope.

Sequencing of Intestinal Microorganisms

Fecal DNA was extracted as described previously[19]. 16S rDNA obtained from the fecal extraction was analyzed by Illumina sequencing according to
the 16S Metagenomic Sequencing Library Preparation (15044223B) protocol. The experimental method of 16S rDNA sequencing was described by
Watanabe et al. [20]. The DNA library was sequenced using MiSeq Reagent Kit V3(Illumina Inc.) in the MiSeq platform according to the manufacturer's
instructions. The 16S rDNA sequences were analyzed by the Quantitative Insights into Microbial Ecology (QIIME) pipeline (version 1.9.1) [21]. Through
quality control, data �lter out low-quality sequences, splice the sequences into tags through similarity relationship between sequences, gather tags into
operational taxonomic units (OTU) based on whether they had 97% homology with the UCLUST algorithm, and then compare OTU with database
(August 2013 version) to annotate species of OTU. Taxonomy from the phylum to the genus level was also performed by using the QIIME pipeline to
analysis these sequences.

Memory B Cells Isolation and DNA Extraction
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Single cell suspensions were prepared by grinding the tissues with the plunger of a 5 mL disposable syringe. Memory B cells were isolated using the
Memory B Cell Isolation Kit (Miltenyi Biotec.) according to the manufacturer's instructions. Cells were �uorescently stained with CD45R (B220)-VioBlue
(#130-094-287), CD38-PE (#130-097-087) and Anti-IgM-FITC (#130-095-906) and analyzed by �ow cytometry using the MACSQuant® Analyzer. Cell
debris and dead cells were excluded from the analysis based on scatter signals and propidium iodide �uorescence. Genomic DNA was extracted from
isolated memory B cells and small intestine tissue using the QIAamp DNA MiniKit (Qiagen, Milano, Italy) according to the manufacture's instruction.

BCR heavy ChainRepertoire Preparation and High-Throughput Sequencing

The concentration and purity of genomic DNA of samples were conformed for BCR heavy chain CDR3 sequencing (http://www.immunoseq.com). And
then genomic DNA were sent to Adaptive Biotechnologies Corp (Seattle, WA, US) for sequencing. BCR heavy chain CDR3 sequences were generated as
described previously [22]. Brie�y, a multiplex polymerase chain reaction (PCR) ampli�cation was performed consisting of upstream and downstream
primers that targeted all possible somatic combinations of the rearranged BCR heavy chain CDR3. The 5’ end of each primer had a unique MID
sequence consisting of 10 nucleotides. The PCR reaction system and conditions were described previously [23]. PCR products were recovered using
agarose gel puri�cation kit (Qiagen) in accordance with the manufacturer’s protocol. After quantitation using capillary electrophoresis, libraries were
pooled accordingly and sequenced.

Bioinformatics Analysis of BCR Heavy Chain Library

The IMGT website (http://www.imgt.org/) was used to build a reference sequence dataset. Raw sequences in the FASTA format were processed by
Immuno-SEQ analyzer toolset and IMGT/High V-QUEST (version 1.3.1) to remove the No results and Un-known sequences as well as out of frame
sequences. Using Immuno-SEQ analyzer toolset and IMGT/High V-QUEST, the characteristics of the BCR heavy chain CDR3 repertoire sequences were
de�ned, including CDR3 nucleotide; CDR3 amino acid; count (reads); frequency count (%); CDR3 length; V gene name; D gene name; J gene name; V
deletion; n1 insertion; D 5′ deletion; D 3′ deletion; n2 insertion; J deletion; V index; n1 index; D index; n2 index; J index; sequence status (Has stop/in
frame/out frame). The V-J rearrangement of the CDR3 repertoire, the proportion and frequency of unique CDR3 sequences, CDR3 repertoire clonality,
CDR3 amino acid length, CDR3 animo acid usage, V deletion and J deletion, and dominant V-J combination gene segments were also calculated in
different mouse groups and different B cells (naïve and memory) samples. Additionally, R package "ggplot2", "Venn Diagram", and GraphPad Prism
(version 5) were used to plot the �gures. Data analysis was performed by R studio (v3.3.3) and GraphPad Prism (version 5) software. P-values were
calculated with the aid of the t test. P<0.05 was considered statistically signi�cant.

The OTU rank curve was used to explain the richness and evenness of species in intestinal �ora. The wider the curve is, the more uniform the
composition of intestinal �ora is. Besides, the Chao index, Shannon index, Ace index, Simpson index and Observed species index were used to
evaluate the alpha diversity of intestinal micro�ora. The larger the �rst four indexes and the smaller the last index, the more abundant the species in
the samples. In order to count the clone frequency of CDR3 region, the inverse Simpson’s diversity index (1/DS) was performed. The correction formula
of 1/DS as below:, which ni represents the total number of the i-th sequence, and the higher the 1 / DS value, the richer the diversity [24].

Abbreviations
Germ-free: GF; Speci�c Pathogen-free: SPF; Clean: CL; B-cell receptor: BCR; complementary-determining region 3: CDR3; OUT: Operational Taxonomic
Units; PCR: polymerase chain reaction; IMGT: International ImMunoGeneTics.
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Tables
Table 1 Total sequences statistics of BCR heavy chain CDR3 repertoire

Sample CDR3 Nucleotide CDR3 AA

Total

(T)

Unique

(U)

U/T Productive
T (PT)

Productive
U (PU)

PU/PT Total
(T)

Unique
(U)

U/T T in
frame

(TF)

U in
frame

(UF)

UF/TF

Total

B cells

GF 6599 5476 82.98% 4724 3872 81.96% 4969 3525 70.94% 4724 3334 70.58%

SPF 15771 12779 81.03% 11539 9198 79.71% 12129 7850 64.72% 11539 7423 64.33%

CL 3826 2728 71.30% 2884 2003 69.45% 3005 1401 46.62% 2885 1329 46.07%

Memory
B cells

GF 260 250 96.15% 160 153 95.63% 173 93 53.76% 160 85 53.13%

SPF 2264 2145 94.74% 1665 1578 94.77% 1738 890 51.21% 1665 844 50.69%

CL 1410 1194 84.68% 1002 850 84.83% 1063 765 71.97% 1002 720 71.86%

GF: Germ-free mice; SPF: Speci�c Pathogen-free mice; CL: Clean mice.

Figures
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Figure 1

Morphological analysis of intestine among GF, SPF and CL BALB/c mice. A: The naked eye of intestine; B: H&E staining of pathological sections of
small intestine and mesenteric lymph nodes (40 times and 200 times). GF: Germ-free mice; SPF: Speci�c Pathogen-free mice; CL: Clean mice.

Figure 2

Species abundance thermal map of intestinal microbes as six levels (phylum, class, order, family, genus, species; A-F) of GF, SPF and CL BALB/c mice.
MGF: Germ-free mice; MSPF: Speci�c Pathogen-free mice; MCL: Clean mice.
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Figure 3

The anti-Simpson index statistical analysis of total and memory B cell BCR heavy chain CDR3 repertoire in small intestinal of GF, SPF and CL BALB/c
mice. A: 1/DS for total B cells; B: 1/DS for memory B cells. 1/DS: the inverse Simpson’s diversity index; MGF: Germ-free mice; MSPF: Speci�c
Pathogen-free mice; MCL: Clean mice.

Figure 4
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Distinct usage frequency of IGHD, IGHJ and IGHV-IGHJ gene segments in the BCR heavy chain CDR3 region. A: The usage frequency of IGHD in
intestinal total B cells; B: The usage frequency of IGHD in intestinal memory B cells; C: The usage frequency of IGHJ in intestinal total B cells; D: The
usage frequency of IGHJ in intestinal memory B cells; E-F: The combination frequency of IGHV-IGHJ genes in intestinal total and memory B cells.
MGF: Germ-free mice; MSPF: Speci�c Pathogen-free mice; MCL: Clean mice.

Figure 5

Amino acid sequence analysis of BCR heavy chain CDR3 region. A: Animo acid usage in intestinal total B cells; B: Animo acid usage in intestinal
memory B cells; C: Animo acid length distribution in intestinal memory B cells; D: Animo acid length distribution in intestinal total B cells; E: Overlap
animo acid among GF, SPF and CL mice in intestinal total B cells; F: Overlap animo acid among GF, SPF and CL mice in intestinal memory B cells. SI:
Total B cells; I: Memory B cells; MGF: Germ-free mice; MSPF: Speci�c Pathogen-free mice; MCL: Clean mice.
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Figure 6

Mutation detection of BCR heavy chain CDR3 region. A-B: Deletion and insertion of BCR CDR3 sequence in intestinal total and memory B cells; C-D:
High frequency mutations rate of BCR CDR3 sequence in intestinal total and memory B cells. SI: Total B cells; I: Memory B cells; MGF: Germ-free mice;
MSPF: Speci�c Pathogen-free mice; MCL: Clean mice.
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