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Effects of flora deficiency on the structure
and function of the large intestine
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Huanjie Yang,” Linying Wang,? Shanshan Pan,® Yang Chen,® Lijuan Han,” Qinwei Qiu,® Aibo Gao,® Hong Wei,**
and Xiaodong Fang?¢9*

SUMMARY

The significant anatomical changes in large intestine of germ-free (GF) mice provide excellent material for
understanding microbe-host crosstalk. We observed significant differences of GF mice in anatomical and
physiological involving in enlarged cecum, thinned mucosal layer and enriched water in cecal content.
Furthermore, integration analysis of multi-omics data revealed the associations between the structure
of large intestinal mesenchymal cells and the thinning of the mucosal layer. Increased Aqp8 expression
in GF mice may contribute to enhanced water secretion or altered hydrodynamics in the cecum. In addi-
tion, the proportion of epithelial cells, nutrient absorption capacity, immune function and the metabolome
of cecum contents of large intestine were also significantly altered. Together, this is the first systematic
study of the transcriptome and metabolome of the cecum and colon of GF mice, and these findings
contribute to our understanding of the intricate interactions between microbes and the large intestine.

INTRODUCTION

The intestine is an important digestive and immune organ in mice, playing a key role in nutrient digestion and absorption, immune response,
resistance to invasion by intestinal microorganisms, waste removal, hormone regulation and neuromodulation.'~* Pathological conditions
affecting the intestine may give rise to various ailments, posing a serious health risk.*® A comprehensive understanding of the complex mech-
anisms underlying gut function is imperative for preserving intestinal health and identifying and treating intestinal disorders. The trillions of
symbiotically residing microorganisms on the surface of the intestinal epithelium significantly impact the host’s health and susceptibility to
diseases, rendering the intestinal microbiota an indispensable "vital organ" and a "second genome" of the body.”"*

All organisms inevitably encounter and interact with the microbiota. Both the environmental microbiota and the gut microbiota affect the
host in different ways, some of which are manifested as changes in host phenotype and function.'” And most of the current research has
focused on exploring the link between microbiota composition and host disease and health.'>™'® These studies often lack comprehensive
and systematic investigations. Our understanding of how the microbiota affects the host remains inadequate, particularly in terms of the ef-
fects of the gut microbiota on intestinal cellular composition, function, cellular metabolism, spatial distribution, and intestinal structure. The
germ-free (GF) mice, which live in an aseptic environment and lack the influences of the intestinal microbiota, are an important resource for
exploring these influences from the perspective of a deficient microbiota.'” A systematic comparison can provide a comprehensive under-
standing of how the gut microbiota shapes and influences the structure and function of the host gut, ultimately helping us to understand
the importance of gut microbiota-host symbiosis.

The cecum is a sac-like organ, located at the junction of the ileum and proximal colon, that provides storage for fiber-rich plant foods in
herbivores, while the large number of co-bacteria in the cecum will contribute to the enzymatic breakdown of plant matter.”® There are some
obvious anatomical and functional changes in the cecum of GF mice relative to specific pathogen-free (SPF) mice, such as a 9 times larger
cecum, thinner cecal wall, which provide excellent material for understanding the effect of intestinal microbiota on the host gut.”'**” The colon

"University of the Chinese Academy of Sciences, College of Life Sciences, Beijing, Beijing, China

2BGl, Shenzhen, Guangdong, China

3Sun Yat-sen University First Affiliated Hospital, Precision Medicine Institute, Guangzhou, Guangdong, China

“Huazhong Agricultural University, College of Animal Sciences and Technology, Wuhan, Hubei, China

5BGI-Qingdao, Qingdao, Shandong, China

6State Key Laboratory of Dampness Syndrome of Chinese Medicine, The Second Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangzhou, Guangdong,
China

’Department of Scientific Research, Kangmeihuada GeneTech Co., Ltd. (KMHD), Shenzhen, China

8Department of Endocrine and Metabolic Diseases, Shanghai Institute of Endocrine and Metabolic Diseases, Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai 200025, China

Lead contact

*Correspondence: weihong63528@163.com (H.W.), fangxd@bgi.com (X.F.)

https://doi.org/10.1016/j.isci.2024.108941

Creskor iScience 27, 108941, February 16, 2024 © 2024 The Authors. 1
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



mailto:weihong63528@163.com
mailto:fangxd@bgi.com
https://doi.org/10.1016/j.isci.2024.108941
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.108941&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress iScience
OPEN ACCESS

is intermediate between the cecum and rectum and is colonized by a large number of microorganisms. The relationship between the micro-
bial composition of the colon and host disease and health is widely appreciated.”

This study utilized liquid chromatography-mass spectrometry (LC-MS), single-cell, and spatial transcriptomic techniques to explore the
effects of gut microbiota on the structural and functional aspects of the cecum and colon in GF and SPF mice (Figure 1A). To eliminate po-
tential confounders associated with dietary differences, we standardized the diets of both groups of mice to ensure that the observed differ-
ences between GF and SPF mice were predominantly due to the lack of gut microbiota. Our findings provide elucidation on the molecular
mechanisms responsible for the anatomical changes in the cecum and colon, along with functional alterations across multiple cell types in the
large intestine. These results fill significant research gaps within the field of GF mice and provide valuable insights into gut-microbe-gut in-
teractions. For the first time in the field of GF mice, this study applies multi-omics approaches to investigate the large intestine and serves as a
critical resource for future research in this area.

RESULTS

Anatomical changes in the cecum of GF mice

The GF cecum underwent significant anatomical changes compared to the SPF cecum. We observed an approximately 9-fold increase in the
weight of the GF cecum. (Figures 1B, 1D, STA, and S1B). H&E staining showed a significant decrease in the mucosal thickness of the GF cecum
(Figure 1C). Anatomical statistics showed that the wall of the GF cecum was approximately one-third thinner. (Figure 1E). In addition, we
observed an increase in the water content of the GF cecum contents in a semi-liquid state. In conclusion, our anatomical observations suggest
that the absence of gut microbiota significantly affects the structure of the cecum.

Single-cell transcriptome atlas of the GF and SPF mouse cecum

To elucidate the transcriptional response of cecum cells to microbiota, single-cell RNA sequencing (scRNA-seq) was conducted on four
cecum samples obtained from identical tissue locations in GF and SPF mice. After removal of substandard cells and adjustment for batch
effects while accounting for individual variability, a total of 64,731 high-quality cells were analyzed, comprising 35,537 GF and 29,194 SPF cells.
Using cluster analysis and annotation, 10 distinctive cell clusters were identified and labeled as epithelial, T/NK cell, fibroblast, B cell, myeloid,
smooth muscle cell (SMC), lymphatic endothelial cell (LEC), endothelial, terminal glial cell, and mesothelial cell (Figure 2A). Upon examination
of cellular ratios, it was noted that the proportion of epithelial and fibroblast cells increased in GF mice, while the proportion of T/NK cells and
B cells decreased (Figure 2B). In addition, each cell type exhibits its own distinct and unique marker genes”® (Figure 2C).

In order to understand which cell types are mainly affected by microbial deletion, we conducted a statistical analysis of the number of dif-
ferential genes in the cecum of GF and SPF mice, and found that the more concentrated groups of differential genes in the cecum of GF and
SPF mice were mesenchymal cells and immune cells. The results indicate that microorganisms have a greater influence on the activity of
mesenchymal and immune cells (Figure 2D).

Spatial transcriptomic landscape of GF and SPF mouse cecum

In order to characterize the spatial transcriptomic landscape under different intestinal microbiota conditions, we processed frozen cecum
from GF and SPF mice using a subcellular resolution, centimeter-scale field of view Stereo platform.?” After filtering out low-quality points,
the final dataset consisted of 3,685 GF sample Bin50 spots and 7,786 SPF sample Bin50 spots, for a total of 11,471 individual high-quality
points. Each Bin50 spot in the GF samples had an average of approximately 1,677 genes and 4,455 unique transcripts. Each Bin50 spot in
the SPF samples had an average of approximately 602 genes and 2,199 unique transcripts (Figure S2B). To ascertain the spatial transcriptomic
structure of the GF and SPF mouse cecum, we subjected the spatial transcriptome dataset to clustering using the BayesSpace method.®® Our
final outcomes delineated three fundamental transcriptomic landscapes, identifiable as the intestinal epithelial cell layer, the mixed layer, and
the muscle layer, conforming to recognizable histological features (Figure 2E).

To identify the cell types present in each bin of the spatial transcriptome, we integrated single-cell transcriptome data to deconvolute
spatial transcriptome data from GF and SPF mice.?’ Our final outcomes revealed that the mucosal layer of GF and SPF mice primarily con-
sisted of enterocytes and goblet cells. Further, the lamina propria comprises mesenchymal and immune cells, while smooth muscle cells
dominate the muscle layer. Ultimately, our data analysis accurately described the spatial distribution of cell types commonly found in the
cecum (Figures 2F and 2G).

Low activity of extracellular matrix organization pathway is associated with cecal mucosal layer thinning

Significant anatomical differences were observed in the cecum of GF mice compared to SPF mice, with one notable change being the thin-
ning of the mucosal layer of the GF cecum. (Figures 1B-1E). Mesenchymal cells represent a crucial cell type underlying the structural integrity
of the gut.*” Considering the significant changes in the cecum phenotype of GF mice, the proportion and function of the mesenchymal cells
may have changed significantly. Therefore, we focused on the mesenchymal cells of the GF and SPF cecum. There are three types of mesen-
chymal cells in our data, fibroblast (Gsn high), fibroblast (Adamdec1 high), and mesothelial cell (Figure 3A). All three cell subclasses perform
extracellular matrix tissue building functions, suggesting that mesenchymal cells are a key cell type in the structure of the cecum (Figure 3B). In
addition, fibroblast (Gsn high) cells mainly perform extracellular matrix organization and extracellular structural organization (Figure 3B), fibro-
blast (Adamdec1 high) cells mainly perform epithelial cell proliferation and epithelial tube morphogenesis, while mesothelial cells perform a
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Figure 1. Significant anatomical changes occur in the cecum of GF mice

(A) Experimental design.

(B) Anatomical view of the cecum of GF and SPF mice showing the significantly enlarged cecum of GF mice. GF mice are shown on the left and SPF mice are shown
on the right.

(C) H&E stained image showing significant wall thinning in the cecum of GF mice. The top of the image shows the GF cecum and the bottom of the image shows
the SPF cecum. Resolution: 100 um.

(D) The cecum of GF mice weighs 9 times more than that of SPF mice. p values were generated by Student's t test. *** indicates p < 0.001.

(E) The thickness of the cecum wall of GF mice is one-third that of SPF mice. p values were generated by Student's t test. *** indicates p < 0.001.

more comprehensive range of functions. Spatially, fibroblast (Gsn high) cells are mainly found in the submucosa and muscle layer, which cor-
relates with their structural building functions (Figures 3C and 3D). Fibroblast (AdamdecT high) cells are mainly found in the mucosal layer
close to the epithelium, which correlates with their functions such as epithelial cell proliferation and epithelial tube morphogenesis. Meso-
thelial cells are found in the mucosal, submucosal and muscular layers, which is related to the more comprehensive functions they perform.

The results of the differential analysis of mesenchymal cells showed that GF mice had a reduced proportion of fibroblast (Adamdec1 high)
and an increased proportion of fibroblast (Gsn high) compared to SPF mice (Figure 3E). To gain a deeper insight into the functional modi-
fications in GF mice, we performed GO (Gne Ontology) functional enrichment of differentially expressed genes in mesenchymal cells. Our
analysis showed that pathways associated with extracellular matrix organization was reduced in fibroblasts from GF mice, suggesting that
mesenchymal cells from GF mice have a reduced structural building function, which also correlates with the thinning of the mucosal layer
(Figure 3F). Interestingly, we found that GF mouse cells showed increased activity in response to unfolded proteins (Figures 3F and S3E-
S3G). This could imply nutritional deficiency due to microbiota deficiency and thus endoplasmic reticulum stress.

Mesenchymal cells have cellular regulatory functions in addition to their structural support functions.**** In the statistics of cellular inter-
actions, mesenchymal cell types were the strongest cell types for cellular interactions® (Figure S3A). Overall, the intensity of cellular interac-
tions was significantly lower in the cecum of GF mice compared to SPF mice (Figure S3B). Comparing the interactions between cells from SPF
mice and GF mice, we found that the differences were mainly in mesenchymal cell types, including fibroblast (AdamdecT high), fibroblast (Gsn
high) and mesothelial (Figure S3C). Information flow indicates that most cellular interaction pathways are reduced in intensity in the GF cecum,
such as GALECTIN, MK, ANGPTL, NCAM, MHC-II, MHC-I, and CD22 (Figure S3D). These results suggest that the regulatory function of GF
cecal mesenchymal cells is decreased.

In summary, the absence of microorganisms significantly affects the structure-building and regulatory functions of the mesenchymal cells
of the cecum. The thinning of the mucosal layer of the GF cecum corresponds to a significant reduction in the extracellular matrix organization
of the mesenchymal cells.
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Figure 2. Overview of single cell transcriptome and spatial transcriptome data from GF and SPF cecum

(A) UMAP plot shows the ten main cell types of the cecum. SMC, smooth muscle cell; LEC, lymphatic endothelial cell.

(B) Proportion of cells in each cluster of GF and SPF cecum single cell transcriptome.

(C) Expression of marker genes in each cell type of cecum. Each dot represents a gene, where color saturation indicates the average expression level in the
intestinal segment and size indicates the percentage of cells expressing the gene.

(D) The number of differential genes indicates that mesenchymal cells, immune cells have more differential genes. Color saturation indicates the number of
differential genes. To find differential genes, the "FindMarkers" function in the seurat package was used, and the method used was "MAST." The screening
conditions for highly expressed genes in GF mice were P_adjust < 0.05, avg_log2FC > 0.58. log2FC > 0.58. The screening conditions for highly expressed
genes in SPF mice were: P_adjust < 0.05, avg_log2FC < —0.58.

(E) BayesSpace clustering results for GF and SPF mice. The left side of the image shows SPF mice. The right side of the image shows GF mice. Cluster1 represents
the muscle layer, Cluster2 represents the mixed layer, and Cluster3 represents the epithelial layer. Spatial data adopts Bin50 resolution.

(F) Deconvolution results show the spatial distribution of major cell types in SPF mice. The image on the left shows the whole slice, spatial data adopts Bin50
resolution. The picture on the right shows a partial view, spatial data adopts cell-Bin resolution.

(G) Deconvolution results show the spatial distribution of major cell types in GF mice. The image on the left shows the whole slice, spatial data adopts Bin50
resolution. The picture on the right shows a partial perspective, spatial data adopts cell-Bin resolution.

Increased proportion of GF cecum EC (Saa1 high) cells

Epithelial cells are the predominant cell type in the gut and perform a wealth of cellular functions. To characterize the changes in epithelial
cells in the GF cecum, we performed a finer clustering of epithelial cell types in the cecum. From the total single cell transcriptome data, we
isolated 21,897 high quality epithelial cells, of which SPF mouse cecum had 5,101 epithelial cells and GF mouse cecum had 16,796 epithelial
cells. These epithelial cells could be divided mainly into goblet, enteroendocrine cell (EEC), tuft, EC (Hmgb2 high) (Enterocyte with high
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Figure 3. Microbial defects significantly affect the structure-building function of mesenchymal cells

(A) UMAP plot shows three major mesenchymal cell subtypes.

(B) GO enrichment results demonstrate that three mesenchymal cell subtypes perform different functions. Each dot indicates a pathway, where the color
unsaturation indicates the level of p adjust and the size indicates the percentage of genes enriched to that pathway.

(C and D) Results of deconvolution of SPF and GF cecum mesenchymal cell subclasses. Fibroblast (AdamdecT high) cells are mainly found in the mucosal layer.
Fibroblast (Gsn high) cells are mainly found in the submucosal and muscular layers. Mesothelial cells are found in the mucosal, submucosal and muscular layers.
Results on the left show the SPF cecum (C). Results on the right show the GF cecum (D). Spatial data adopts cell-Bin resolution.

(E) The proportion of mesenchymal cells showed a significant increase in the proportion of fibroblast (Gsn high) cells.

(F) GO enrichment results demonstrate reduced activity in both subclasses of GF cecum mesenchymal cells in structurally constructed pathways. To find
differential genes, the "FindMarkers" function in the seurat package was used, and the method used was "MAST." The screening conditions for highly
expressed genes in GF mice were P_adjust < 0.05, avg_log2FC > 0.25. The screening conditions for highly expressed genes in SPF mice were:
P_adjust < 0.05, avg_log2FC < —0.25. GO enrichment was performed on the results of differential genes, and the first few pathways with the most significant
differences were selected for display.

expression of Hmgb2 gene), EC (Saa1 high), EC (Selenbp 1 high), EC (Rpl3high), EC (Reg3b high), EC (Dying) and mixed with a small number of
mesenchymal lymphoid tissue organizer (mLTo) and Ep_ Fibroblast (Figure 4A). We put marker gene of the different subclasses on
display”?*(Figure 4B). There are five different sub-cell types of enterocytes.

One class of enterocytes with high Saa1 expression, EC (SaaT high), has a significantly higher proportion of cells in the cecum of GF mice
(Figure 4C). Compared with SPF mice, GF mice had more spots of high expression of Saal gene (Figures 4D and S4A). Then, we deconvolute
the spatial transcriptome data using the single cell data of the epithelial cells as the reference dataset.** We clearly found that EC (Saa1 high),
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Figure 4. Comparison of the single cell and spatial transcriptomes of cecum epithelial cells in GF and SPF cecum

(A) UMAP plot shows 11 subtypes of cecum epithelial cells. EC, enterocyte; mLTo, mesenchymal lymphoid tissue organizer; EEC, enteroendocrine cell.
(B) Expression of marker genes in each cell type of cecum epithelial cells.

(C) Significant increase in the proportion of GF cecum EC (SaaT high) cells. p values were generated by Fisher's exact test. **** indicates p < 0.0001, * indicates

p < 0.05, ns means not significant.

(D) GF cecum has more spots with high expression of Saal gene. The ssDNA image is displayed on the left. Spatial data adopts Bin20 resolution.
(E) The enterocyte subtype is stratified along the columnar epithelium. Spatial data adopts cell-Bin resolution.
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Figure 4. Continued

(F) Spatial transcriptome cell ratio results demonstrate an elevated proportion of EC (Saa? high) cells in the GF cecum.

(G) Enhanced water transport capacity and absorption of major nutrients in the cecum epithelium of GF mice. Each dot represents a gene, where color saturation
indicates the average expression level in the intestinal segment and size indicates the percentage of cells expressing the gene. p values were generated by
Wilcoxon test. *** indicates p < 0.001.

EC (Selenbp 1 high), EC (Rpl3high), and EC (Hmgb2 high) were distributed in a layered manner from the top to the end of the columnar epithe-
lium (Figures 4E and S4A-S4C). Subsequently, the proportion of EC (Saa high) was counted on the spatial data. Spatial results showed that
GF mice had a higher proportion of EC (Saa high) cells compared with SPF mice (Figure 4F).

These findings indicate that the subclasses of enterocytes in the columnar epithelium of the cecum of both GF and SPF mice exhibit a
layered distribution. Additionally, compared to SPF mice, GF mice display a larger proportion of EC (Saa? high) cells, accompanied by a
broader spatial distribution.

Increased water content in GF cecum correlates with high expression of Aqp8 in epithelial cells

Among the many remarkable changes in the cecum phenotype of GF mice compared with SPF mice, a notable feature is the significantly
elevated water content in the GF mouse cecum. Previous studies have found similar phenomena.”’ To better comprehend the shift in water
transport, we assessed several essential genes responsible for encoding water channel proteins in the mouse intestine. Interestingly, we
observed a marked upregulation of the Agp8 water channel protein gene (Figure 4G). Spatial transcriptome and immunofluorescence result
also showed that AQP8 protein expression was significantly upregulated in GF mice (Figures S4D-S4F and S5A). The AQP8 protein is a water
channel protein, and altered osmotic gradients may be responsible for water enrichment in cecal contents. Therefore, we tested the total
osmolality of cecum contents in GF mice. The results showed that the total osmolality of the cecum contents of GF mice was higher than
that of physiological saline and did not change significantly relative to SPF mice (Table S1). Earlier studies have shown that accumulation
of undegraded mucus and dietary carbohydrates at similar total osmolality results in high colloidal osmolality in the intestinal contents of
GF rats, which may be responsible for the inhibition of water uptake.”” When saline was used to replace the natural contents of the cecum
of the GF animals in the in vivo experiments, the water uptake rate became normal or even higher than that of the conventional control
group.”®* In addition, we found a significant decrease in the expression of Agp11 and Agp1 in the cecum of GF mice (Figures S5D-S5F),
and because of the low expression of these two proteins in cecal epithelial cells, their changes may have a limited effect on water transport.
In summary, the significant increase in AQP8 in epithelial cells is more likely to be responsible for the osmotic “secretion” of water into the
lumen of the cecum.

Absence of microorganisms enhances the nutrient absorption function of epithelial cells
The cecum is an essential site for food fermentation, nutrient metabolism, and short-chain fatty acid production within the intestinal system,
closely tied to the intestinal microbiota. Our study indicated significant alterations in the nutrient absorption capacity of the cecum in GF mice.
Specifically, we noted significant upregulation in the transport of lipids, amino acids, vitamins, sugars, bile salts, metal ions, and organic and
inorganic substances, while the transport of nucleotides and short-chain fatty acids was significantly reduced (Figure 4G; Table S2).
Enterocytes are the main cell type that performs nutrient absorption, and each subtype of cecum enterocyte performs a different function.
For example, EC (Saal high) cells mainly perform anion transport, unsaturated fatty acid metabolic process, EC (Selenbp1 high) mainly
perform steroid metabolic process, etc. (Figure S6A). To gain more insight into the effects of microbial deletion on epithelial cells, we per-
formed differential analysis of multiple subtypes of epithelial cells (Figure S6B). Our results showed that EC (SaaT high) cells of the GF cecum
increased the activity of the primary amino compound metabolic process, the vitamin metabolic process (Figure S6C). EC (Selenbp1 high)
cells of the GF cecum increased the activity of icosanoid metabolic process, unsaturated fatty acid metabolic process (Figure SéD). In addi-
tion, we analyzed the metabolic activity of cecum epithelial cells.”” The results showed that EC (Selenbp1 high) cells showed significantly
increased activity in the pathways of tryptophan metabolism, unsaturated fatty acid biosynthesis and glycolysis (Figure S7A). In conclusion,
these results suggest that microbial deficiency enhances the uptake and metabolic activity of key nutrients by epithelial cells.

Microbial deficiency suppresses the immune function of epithelial cells

Enterocytes not only perform nutrient absorption functions but also play an important role in intestinal immunity. Our results show that GF
enterocyte subtypes have reduced immune activity in different ways compared to SPF enterocytes. For example, EC (SaaT high) cells were less
active in the antigen processing and presentation of exogenous antigen pathway and EC (Selenbp 1 high) cells were less active in the defense
response to bacterium pathway (Figures S6C and S6D). In addition, we focused on several major antimicrobial and antiviral genes of host
epithelial cells as well as some enterovirus receptor genes (Figure 4G). Our results found that most antibacterial and antiviral genes as
well as viral receptor genes were significantly downregulated in epithelial cells, indicating that antibacterial and antiviral strength and inter-
actions were weakened.

Microbial deletion inhibits the development of lymphoid glands

We found a cluster of mesenchymal lymphoid tissue-organizer (mLTo) cells during the subclustering process of epithelial cells, which mainly
perform functions such as response to molecule of bacterial origin, regulation of inflammatory response, and cell-substrate adhesion
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Figure 5. Absence of microorganisms significantly impairs the proportion and function of immune cells

(A) UMAP plot shows three main immune cell types.

(B) Mature NKT, Iga_Plasma and other mature immune cells are significantly reduced in the proportion of GF cecum.
(C) Volcano map of differentially expressed genes inimmune cells. To find differential genes, the "FindMarkers" function in the seurat package was used, and the
method used was "MAST." The screening conditions for highly expressed genes in B cells and T/NK cells of GF mice are P_adjust < 0.05, avg_log2FC > 0.58. The
screening conditions for highly expressed genes in B cells and T/NK cells of SPF mice are P_adjust < 0.05, avg_log2FC < —0.58. The screening conditions for
highly expressed genes in macrophage of GF mice are P_adjust < 0.05, avg_log2FC > 0.25. The screening conditions for highly expressed genes in
macrophage of SPF mice are P_adjust < 0.05, avg_log2FC < —0.25.
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Figure 5. Continued

(D) GO enrichment plot shows decreased immune function in three major immune cells. GO enrichment was performed on the results of differential genes, and
the first few pathways with the most significant differences were selected for display.

(E) Results of immune cell deconvolution, showing the spatial distribution of immune cells in the cecum of GF and SPF mice. Local enlargements are shown in red
boxes. Spatial data adopts Bin50 resolution.

(Figures S6A and S6F). Differential analysis between GF and SPF cecum showed that mLTo cells from GF mice had lower activity in gland
development and positive regulation of cell adhesion pathway. In both GF and SPF cecum spatial transcriptome data, we found aggregation
of mLTo cells near lymph nodes (Figures S6G and SéH). These results suggest that microbial deficiency affects the normal function of mLTo
cells and inhibits the normal development of cecum lymph glands.

Deficiency of microorganisms significantly affects the maturation of immune cells in the cecum

The intestine harbors a diverse range of immune cell types that serve to safeguard the host from the intricate and varied foreign materials and
microbial environment of the intestine.”’ To gain better insights into the overall changes in immune cells of GF mouse cecum, we focused on
immune cell types in SPF and GF mice. Our data captured 26,685 high-quality immune cells, with 17,775 immune cells in SPF mice and 8,910 in
GF mice, primarily composed of myeloid-lineage cells, B-lineage cells, and T/NK-lineage cells (Figure 5A). The main myeloid-lineage cells
were macrophages and mast cells, while the main B-lineage cells comprised B cell, B_Cycling, and Iga_Plasma. T/NK-lineage cells exhibited
several additional subtypes (Figure S2A).

To obtain a more complete understanding of T/NK-lineage cell subtypes, we further sub-clustered T/NK-lineage cells (Figure S8A). Seven
known T/NK-lineage cell types were finally identified: Treg (Foxp3, Tigit, Tnfrst4), naive Cd4 T (Ccr7, Sell, Cd4), Th17 (1122, Ccré, Rora), imma-
ture NKT (Cd3g, Cd160, Cd7), T cell (S100a4, Ifng, S100aé), T_Dying (mt-Co2, mt-Nd4, mt-Co1), and mature NKT (Gzma, Gzmb, Nkg7) (Fig-
ure 7B). The main difference between mature NKT cells and immature NKT is the expression of the Gzma and Gzmb genes (Figure S8A).

We found that the proportion of mature NKT cells in the cecum of GF mice was very low relative to SPF mice. In addition, the proportion of
mature B cells, Iga_Plasma cells, were significantly reduced in GF mice (Figure 5B). It has been shown that the microbiota in the normal cecum
plays a key role in maintaining immune homeostasis.”” The decrease in mature immune cells indicates that the immune system maturation of
GF mice is significantly impaired due to a lack of microorganisms.

The immune function of immune cells in GF mice is inhibited

To better comprehend the functional variances between immune cells, we conducted differential analyses of various immune cell types (Fig-
ure 5C). We then performed an enrichment analysis of these differential genes (Figure 5D), which illustrated pathways that were enriched in
T/NK cells, B cells, and macrophages in SPF mice. Notably, these included immune cell differentiation, defense response to symbionts for
T/NK cells, regulation of immune effector process, and regulation of adaptive immune response for B cells, along with leukocyte cell-cell
adhesion and antigen processing and presentation pathways in macrophages. These outcomes suggest that the immune cells in GF mice
may lack expression of related pathway genes. Furthermore, among T/NK cell subtypes, the Cd3d gene, involved in T cell development
and signal transduction,”® and the 1122 gene, a member of the IL10 family of cytokines regulating cellular inflammatory responses.’" 1122
gene can also regulate the nutrient absorption ability and antibacterial ability of epithelial cells.*>*® Interestingly, we found significant low
expression of 122in T cells and Cd4 T cells of GF mice (Figure S8D). These findings further highlight suppressed immune development,
impaired immune function in GF mice.

To compare the spatial distribution of major immune cells and gain insights into the distribution bias of various immune cells in the GF and
SPF cecum, we mapped single-cell transcriptome data of immune cells onto spatial sections™ (Figures 5E, S8F, and S8G). Our findings re-
vealed that T/NK cells in the cecum of both GF and SPF mice exhibited a predominantly homogeneous distribution pattern in the submucosa.
Meanwhile, B cells and macrophages in the cecum of SPF mice showed a uniform, spaced pattern in the submucosal layer (Figures 5E, S8F,
and S8G). By contrast, two small lymph node structures were visible in the GF mice sections, and B cells and macrophages were primarily
distributed in these lymphatic structures (Figures 5E, S8F, and S8G).

Absence of microorganisms affects metabolome homeostasis of cecum contents

To gain insights into the changes in cecum content between GF and SPF mice, we collected cecum contents from ten GF mice and ten SPF
mice. An LC-MS/MS platform was employed to conduct non-targeted metabolomic analysis. Overall, 1,969 metabolites were identified in
cation mode and 967 metabolites in anion mode.

In order to discern the predominant enrichment pathways for these differential metabolites, we performed metabolic pathway enrichment
analysis of the differential metabolites utilizing the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. Our results indicated that
GF mouse cecum contents in cation mode exhibited significant differences in metabolic pathways, including vitamin digestion and absorp-
tion, tryptophan metabolism, and cortisol synthesis and secretion (Figure 6A). Meanwhile, the anion mode displayed greater differences in
metabolic pathways such as riboflavin metabolism and histidine metabolism (Figure 6B).

Cortisol and L-tryptophan metabolites were significantly enriched in the contents of the cecum of GF mice (Figure 4C). Cortisol is a stress
hormone that exacerbates obesity and depression.”’*® L-tryptophan is instrumental in regulating immunity, neuronal function, and intestinal

iScience 27, 108941, February 16, 2024 9




¢? CellPress iScience
OPEN ACCESS

A Vitamin digestion and absorption+ . B
Tyrosine metabolism- ° Riboflavin metabolism °
Tryptophan metabolism .
Riboflavin metabolism . Pantothenate and CoA biosynthesis{ .
Regulation of lipolysis in adipocytes .
Prolactin signaling pathway . — Metabolic pathways (@ Pualue
Primary bile acid biosynthesis . ggj ggi
Ovarian steroidogenesis . 0.03 o . 0.03
0.02 Histidine metabolism{ L] 0.02
§ and nicoti . oo1  § 001
5 S . 000 £ 0.00
£ ° eelr i Metabolies {Cysteine and methionine metabolism{ . i
Metabolic pathways @) “.‘"";;' Number
Linoleic acid metabolism . [ E : ;g
Dopaminergic synapse . @ Biosynthesis of amino acids: ° @
Cortisol synthesis and secretion .
Cholesterol metabolism . Bile secretion{ L]
Biotin metabolism .
Blle secretion - ABC transporters| @
Aldosterone synthesis and secretion .
005 010 015 020 025 0.05 0.10 0.15 0.20
RichFactor RichFactor
C Cortisol L-tryptophan Arachidonic acid 8Z,11Z,14Z-eicosatrienoic acid
4e+07 8e+08
‘ 1.5e+07
3407 Q 6e+08 2e+08
1.0e+07
2e+07 B 4e+08
‘ . 1e+08
16+07 500106 2e+08
0e+00 — 0.0e+00 E= 0e+00_— 0e+00{
GF  SPF GF  SPF GF  SPF GF  SPF
(x)12(13)-DIHOME Palmitoleic acid Ethyl oleate 11-Dehydro thromboxane B2
6e+07 2.0e+07 5e+07
2e+08 156407 4e+07
4e+07
3e+07
1.0e+07
1e+08 2e+07
2e+07
208408 1e+07 .
0e+00 : 0e+00{ — 0.0e+00{ — O0e+00{ —
GF  SPF GF  SPF GF  SPF GF  SPF
D

Smooth muscle cell || SPF up-regulated [ GF up-regulated

response to unfolded protein-

protein refolding -

NADH dehydrogenase complex assembly -
mitochondrial respiratory chain complex | assembly -
oxidative phosphorylation-

cellular respiration -

generation of precursor metabolites and energy -
ATP metabolic process-

-20 -10 0 10
Gene Number

Figure 6. Significant changes in the metabolism of cecal contents in GF mice compared to SPF mice

(A) KEGG functional enrichment map of cationic differential metabolites in the cecal content metabolome of GF and SPF mice. The results showed significant
differences in the metabolic pathways of vitamins, amino acids and cortisol. RichFactor is the number of differential metabolites annotated to the pathway
divided by all identified metabolites annotated to the pathway. The dot size represents the number of differential metabolites annotated to this pathway.

(B) KEGG functional enrichment map of anionic differential metabolites in the cecal content metabolome of GF and SPF mice. The results showed significant
differences in metabolic pathways such as riboflavin, amino acids and bile acids.

10 iScience 27, 108941, February 16, 2024



iScience ¢? CellPress
OPEN ACCESS

Figure 6. Continued

(C) Boxplot showing significantly changed metabolites in cecal contents of GF mice. The results showed that metabolites such as tryptophan and cortisol were
significantly enriched in the GF cecum contents and unsaturated fatty acids such as arachidonic acid were significantly absent. p values were generated by
Student's t test. *** indicates p < 0.001, ** indicates p < 0.01, * indicates p < 0.05.

(D) Differential gene GO enrichment results demonstrate a significant decrease in GF cecum smooth muscle cell (SMC) activity. To find differential genes, the
"FindMarkers" function in the seurat package was used, and the method used was "MAST." The screening conditions for highly expressed genes in GF mice
were P_adjust < 0.05, avg_log2FC > 0.25. The screening conditions for highly expressed genes in SPF mice were: P_adjust < 0.05, avg_log2FC < —0.25. GO
enrichment was performed on the results of differential genes, and the first few pathways with the most significant differences were selected for display.

homeostasis through the kynurenine metabolic pathway (KP).*” Aberrant metabolism of L-tryptophan impairs immune function and disrupts
intestinal homeostasis.”

Unsaturated fatty acids can be categorized into monounsaturated fatty acids and polyunsaturated fatty acids, depending on their number of
double bonds. A wealth of literature supports the notion that unsaturated fatty acids play a significant role in disease and health in mammals.”'"™°
Our analysis revealed that unsaturated fatty acid-related metabolites, including arachidonic acid, 8Z,11Z,14Z—eicosatrienoic acid, (+)12(13)—Di-
HOME, palmitoleic acid, ethyl oleate, and 11—dehydro thromboxane B2 were significantly reduced in the cecum contents of GF mice (Figure 6C).
Notably, arachidonic acid is known to be involved in muscle activity,” and our data also demonstrated reduced SMC activity in the cecum of GF
mice (Figure 6D). These results predict reduced motility in the GF cecum. Interestingly, an earlier study found reduced colonic motility in GF

mice.”’ The lower motility of the cecum, a sac-like organ, may lead to a large accumulation of contents, ultimately leading to a larger cecum.

Functional changes in colonic cells in a microbial deficient state

Although we understand the significant functional changes that occur in the cecum of GF mice, it is unclear whether the same changes occurin
other intestinal segments of GF mice. For this reason, we have compared the colon of GF and SPF mice. Interestingly, the epithelial cell sub-
type of the colon was also stratified along the columnar epithelium (Figure 7A). EC (Atp12a high) cells, which are distributed at the apical part
of the columnar epithelium and perform mainly intestinal absorption and ion transport functions, also have a significantly higher proportion of
cells in the GF colon. (Figures 7B and 7C). Notably, functional genes that were significantly altered in the GF cecum epithelium were similarly
altered in the GF mouse colon. For example, the lipid uptake genes Abcg2, Apob, the water channel gene Agp8, the intestinal barrier func-
tion-related genes Muc3, Cldn4, the amino acid transporter gene Slc3a7, the sugar transporter gene Slc2a, and the bile acid salt transporter
gene Slc10a2 all showed significantly elevated expression in the GF colon epithelium (Figure 7D). The expression of the short-chain fatty acid
transporter protein gene Slc1éal and the antimicrobial protein gene Reg3b was significantly decreased in GF colonic epithelial cells (Fig-
ure 7D). In addition, we also found significant low expression of the 1122, Cd3d gene in colonic T cells, indicating that immune development
and immune function of GF colonic T cells were also significantly suppressed (Figure 7E). Furthermore, in GF colonic fibroblasts, we similarly
observed a lack of functions such as extracellular structure building (Figure 7F). An earlier study found thinning of the mucosal layer of the
colon in GF mice.” Interestingly, we observed a significant thinning of the mucosal layer of the GF colon (Figure 7G). Overall, the functional
changes in GF mouse colon cells in the microbial deficient state were consistent with those in the cecum.

DISCUSSION

In this study, we used single-cell transcriptomic, spatial transcriptomic, and metabolomic techniques to characterize and compare differences
between GF and SPF mice and to decipher the structural and functional effects of the gut microbiota on the large intestine at a multi-omics level.

We counted in detail the phenotypic differences between the cecum of GF and SPF mice. Valuable insights from multiple earlier studies
support our anatomical observations.?' %70 |n addition, there is a strong association between microbes and mesenchymal cells in the large
intestine. The absence of microbes has a tremendous impact on mesenchymal cells. However, the mechanisms of interactions between mi-
crobes and mesenchymal stromal cells are unknown and need to be further explored in the future.

Earlier studies found that AQP8 may be involved in the cytoplasmic condensation that occurs during the differentiation of spermatocytes
into spermatozoa as well as in the production of seminiferous tubule fluid.®” More recent studies have found an association between the AQP8
protein and excess amniotic fluid.>** Furthermore, in addition to being a water channel, AQP8 is permeable to hydrogen peroxide.
Hydrogen peroxide is not only an ROS (Reactive oxygen species) but also an important signaling molecule. In general, AQP must be regarded
as a putative participant in oxidative stress situations.*” Therefore, an increase in AQP8 protein may have potential effects on metabolite-host
interactions in addition to affecting intestinal water transport function. In addition, we found that Agp 11 and Agp 1 expression in the cecum of
GF mice decreased significantly with increasing Agp8. Agp8is expressed mainly in EC (Saa1 high) cells, and Agp 17 and Agp1 are expressed
mainly in other epithelial cells, and the corresponding expression ratios of the water transport proteins are affected as the proportions of
these cell types are varied in GF mice.

Despite the reduced motility of the GF colon muscles, the GF colon did not become as significantly larger as the cecum. We suggest that due
to the special structure of the cecum, the relatively closed space inside the cecum, and the reduced peristaltic capacity of the muscles, the cecum
can easily accumulate water and inclusions inside the cecum, which ultimately leads to more significant anatomical changes in the cecum.

Earlier studies have shown that differences in diet lead to epithelial cell remodeling, suggesting that nutrients affect epithelial cells.”> Qur
study was conducted under the same nutritional conditions, suggesting that microorganisms have a similarly significant effect on epithelial
cell proportions and function. Combined with the significant changes in the metabolic composition of GF cecum contents, we suggest that
microbial deficiency may indirectly affect epithelial cell proportions and function through changes in metabolic composition. A recent study
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Figure 7. Effect of microbial deficiency on colonic cell function
(A) Deconvolution results show that subclasses of colonic epithelial cells are stratified along the columnar epithelium. EC, enterocyte; SMC, smooth muscle cell.
(B) GO enrichment results demonstrate that colonic epithelial cell subtypes perform distinct cellular functions. Each dot indicates a pathway, where the color
unsaturation indicates the level of p adjust and the size indicates the percentage of genes enriched to that pathway.

(C) The proportion of colon epithelial cells in GF and SPF mice. The proportion of EC (Atp12a high) cells located in the apical mucosal layer of the colon was

significantly higher in the GF colon.

(D) Enhanced water transport capacity and absorption of major nutrients in the cecum and colonic epithelium of GF mice. Each dot represents a gene, where
color saturation indicates the average expression level in the intestinal segment and size indicates the percentage of cells expressing the gene.

(E) Differential expression of 1122 and Cd3d genes in colon T cells of GF and SPF mice.

(F) GO enrichment results show reduced structure-building function of colonic fibroblasts. To find differential genes, the "FindMarkers" function in the seurat
package was used, and the method used was "MAST." The screening conditions for highly expressed genes in GF mice were P_adjust <0.05,
avg_log2FC > 0.25. The screening conditions for highly expressed genes in SPF mice were: P_adjust < 0.05, avg_log2FC < —0.25. GO enrichment was
performed on the results of differential genes, and the first few pathways with the most significant differences were selected for display.

(G) H&E staining of the colon of GF and SPF mice. The mucosal layer of the colon was significantly thinner in GF mice compared to SPF mice.
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showed that T cells can inhibit 1122 expression in mice, leading to activation of digestive enzymes and nutrient transport proteins by epithelial
cells.”> Another study reported that inhibition of 1122 expression by ILC3 enhances lipid uptake by intestinal epithelial cells but reduces the
expression of antimicrobial peptides.* Interestingly, our data suggest that 1122 expression in Cd4 T cells from GF mice was significantly
reduced. Data from GF colonies also showed a significant reduction in 1122 expression in T cells. Based on these findings, we hypothesized
that microbial deficiency in GF mice could enhance nutrient uptake in epithelial cells by inhibiting 1122 expression in Cd4 T cells.

Gut microbes and their metabolites play a key role in the regulation of various immune cells.®>® Our results suggest that microbial de-
ficiencies lead to significant suppression of immune function and immune cell maturation. Earlier studies also support our observations.’

Ourfindings elucidate the reasons for the significant anatomical changes observed in the cecum of GF mice and demonstrate the influence
of the gut microbiota on large intestine structure and function. A key strength of our study is the integration of multi-omics data, which pro-
vides a comprehensive understanding of the differences between GF and SPF mice from multiple perspectives. Our findings suggest that
microorganisms play an important role in shaping the morphological structure, cellular function, and cellular distribution of the host intestine.
However, the effects of microbiota on other intestinal segments, and which microbiota defects are important for host structure and function,
need to be further explored. Our study is the first multi-omics study of the GF large intestine and fills a research gap in the field of GF mice. Our
findings provide a new and potentially critical reference point for future studies on the impact of the microbiota on the host gut.

Limitations of the study

Our study identified several limitations. First, the mice used in our study were male and the effect of sex was not assessed. Secondly, biological
replication and experimental validation may be required to draw definitive biological conclusions. Finally, although our study was able to un-
derstand the changes in the structural function of the large intestine of mice in a completely sterile state, it was not possible to understand the
effects of specific strains of bacteria on the structure and function of the intestine.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit Anti-Aquaporin 8 antibody Bioss antibodies bs-6786R
Critical commercial assays

DNBelab C-Series Single Cell Library Preparation Kit MGl 1000021082
Chromium Next GEM Single cell 3" kit v3.1 10x Genomics PN-1000269

All original code This paper https://github.com/1014723815/
GF_SPF_cecum.git

Deposited data

Raw and processed scRNA-seq data This paper CNP0004192

Raw and processed ST data This paper CNP0004192

Software and algorithms

Cell Ranger 10x Genomics Version 6.0.2

Seurat https://satijalab.org/seurat/index.html Version 4.0.3

MAST https://www.bioconductor.org/packages/ Version 1.20.0
release/bioc/html/MAST .html

CellChat https://www.bioconductor.org/packages/ Version 1.1.3
release/bioc/html/MAST.html

scMetabolism https://github.com/wu-yc/scMetabolism/tree/main Version 0.2.1

Fastp
BayesSpace

Tangram

clusterProfiler

https://github.com/OpenGene/fastp

https://edward130603.github.io/BayesSpace/
articles/BayesSpace.html

https://github.com/tangrams/tangram

https://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html

Version 0.23.1

Version 1.4.1

Version 1.0.3
Version 4.2.2

Other

DNBSEQ-T7 sequencing platform

MGl

900-000129-00

RESOURCE AVAILABILITY
Lead contact

Additional information and requests for resources and reagents should be directed to and will be completed by the lead contact, Xiaodong

Fang (fangxd@bgi.com).

Materials availability

This study did not generate any unique reagents.

Data and code availability

e The data that support the findings of this study have been deposited at CNGB Sequence Archive (CNSA) of China National GeneBank
DataBase (CNGBdb) (https://db.cngb.org/cnsa/) and are publicly available as of the date of publication. Accession numbers are listed

in the key resources table.

e All original code has been deposited at Github and is publicly available as of the date of publication. DOIs are listed in the key re-

sources table.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mouse rearing

GF and SPF mice were both of the KM(Kunming) mouse strain and were sourced from the Experimental Animal Center of Huazhong Agri-
cultural University (Wuhan, China). Both GF and SPF mice ate GF mouse chow. The difference is that the chow for GF mice is sterilized to
completely kill microorganisms. The chow for SPF mice is not sterilized. In addition, GF mice were reared in specific sterile incubators to
ensure a completely sterile environment. 13 GF mice and 13 SPF mice were reared to adulthood. Using male 10-week-old mice. All mice
were executed by cervical dislocation. No blinding of samples was performed.

Ethics approval
This study did not involve human participants. The animal protocol was approved by BGI (BGI-IRB A21028).

METHOD DETAILS

Single cell transcriptome sample processing and sequencing

Two GF and two SPF mice were randomly selected to collect the cecum and colon for single cell transcriptome sequencing. The residual
contents of the cecum were removed in pre-cooled PBS solution. The washed cecum and colon tissue was cut into small pieces the size
of green beans and preserved in pre-cooled fresh sample preservation solution for sample processing within 24 hours. Cell separation
was performed on the collected samples. Selection of colon and cecum from 1 GF mouse and 1 SPF mouse for library construction using
DNBelab C-Series Single Cell Library Preparation Kit (MGI, 1000021082). The identified libraries were sequenced at the DNBSEQ-T7
sequencing platform (BGI, Shenzhen, China). Single cell RNA sequencing was performed on cecum samples from the remaining 1 GF mouse
and 1 SPF mouse using Chromium Next GEM Single cell 3" kit v3.1 (10x Genomics), followed by library construction according to the man-
ufacturer’s recommendations and sequencing on the MGISEQ-2000 platform (BGI. Shenzhen, China). No sequenced samples were excluded
from the analysis.

Spatial transcriptome sample processing and sequencing

One GF mouse and one SPF mouse were randomly selected and the cecum and colon were taken. Removal of residual intestinal contents by
washing in pre-cooled PBS solution, removed and dried on dust-free paper. Then, sections are selected at the appropriate location and af-
fixed to a Stereo-seq Spatial Transcriptome SC (Stereo Chip) chip, and sections are fixed in pre-cooled methanol solution. The sections were
stained with tissue fluorescent staining solution (ssDNA) and photographed. Permeabilization was carried out at 37°C for 6 min. Reverse tran-
scription was carried out at 42°C for 1 h. After tissue removal, cDNA release was carried out at 55°C for 3 h. The released cDNA was recovered
and PCR amplification was carried out under standard systems. Magnetic beads were recovered from the amplified samples to obtain a final
qualified pre-banking cDNA solution. The pre-built cDNA samples were cyclized, interrupted, recovered and concentration measured to
finally obtain qualified library samples. Libraries were sequenced by DNBSEQ-T7 sequencing platform (BGI, Shenzhen, China).

Sample preparation and data analysis for non-targeted metabolome

Ten GF mice and ten SPF mice were obtained. The mice were executed and the contents of the cecum were collected. The samples were snap
frozen in liquid nitrogen and processed within 48h. Non-targeted metabolomic analysis was performed by LC-MS/MS technique using a high
resolution mass spectrometer Q Exactive HF (Thermo Fisher Scientific, USA), with data collected in both positive and negative ion mode to
improve metabolite coverage. LC-MS/MS data processing was performed using Compound Discoverer 3.1 (Thermo Fisher Scientific, USA)
software, mainly for peak extraction, peak alignment and compound identification. Data pre-processing, statistical analysis and metabolite
classification annotation and functional annotation were performed using metaX as well as the Metabolome Information Analysis process.”
The raw multivariate data were downscaled by PCA (Principal Component Analysis) to analyze the grouping, trends (similarities and differ-
ences within and between sample groups) and outliers (presence of outlier samples) of the observed variables in the dataset. The KEGG
and BGI databases were used for metabolite detection. The VIP values of the first two principal components of the PLS-DA (Partial Least
Squares Method-Discriminant Analysis) model were used, combined with the Fold change and Student's t test obtained from the univariate
analysis The results of the univariate analysis were used to screen for differential metabolites. Our differential metabolite screening criteria
were 1) VIP > 1 for the first two principal components of the PLS-DA model, 2) Fold-Change > 1.2 or < 0.83, and 3) g-value < 0.05.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell data pre-processing

To process raw RNA-seq data, we employed Cell Ranger (v6.0.2), which was used to aggregate unique molecular identifiers and map them to
the mm10/GRCm38 transcriptome. The resultant expression matrices were analyzed via Seurat (4.0.3) ( http://satijalab.org/seurat/ ). To inte-
grate the datasets, we used the "FindIntegrationAnchors” and “IntegrateData” functions in Seurat to integrate data from the C4 platform and
the 10X genomics platform. To remove low-quality data, we filtered out cells with fewer than 200 genes, genes expressed in fewer than 3 cells,
and excluded more than 50% of mitochondrial genes. We identified principal components using the first 2000 variable features and down-
scaled and clustered the data using the "RunPCA" and "RunUMAP" functions in Seurat. The single cell transcriptome from Figure S2A
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represents the original cluster annotation results at 0.5 resolution. Merging the same subclasses of Figure S2A to form the broad class results
of Figure 2A. Finally, cell cluster identities were annotated manually using known marker genes from published articles,”*~*® with guidance
from the Mouse Cell Atlas (https://bis.zju.edu.cn/MCA/index.html) database.

Analysis of cellular interactions

In order to explore the strength and variability of inter-cellular interactions in the cecum. We used CellChat (v1.1.3) to assess cell-cell inter-
actions in different samples (GF and SPF mice) and how signaling pathways interact across cellular identities.*> We followed the official cell-
chat process to merge GF and SPF datasets, create “cellchat” objects and use the “CellChatDB.mouse” database for subsequent analysis.

Analysis of cellular metabolic activity

In order to assess changes in the metabolic intensity of epithelial cells in GF&SPF mice. We used scMetabolism (v0.2.1) to quantify metabolic
activity at the single-cell level.”” The method is based on a conventional single-cell matrix file and uses the VISION algorithm to score each
cell.”" The final activity score of the cell in each metabolic pathway was obtained. The results included 85 KEGG pathways and 82 REACTOME
entries.

Spatial data pre-processing

After obtaining spatial transcriptome sequencing data, we used “ST_BarcodeMap"” to extract read pairs with valid CIDs, converting the CID
sequences of the reads into spatial location information for the reads. We then used Fastp (v0.23.1) to filter low quality reads to obtain clean
reads. Clean reads were aligned to the mouse reference genome (GRCm39) using STAR and the number of reads aligned to regions such as
exons, introns and intergenic regions was calculated from the gene annotation file.”” Correspondence between uniquely mapped reads
aligned to the reference genome and genes was calculated using Bam2Gem and expression levels of all genes were calculated based on
MID correction. By quantifying gene expression, the final output is an expression matrix of all genes detected on the tissue section, which
is stored in a GEM format file. Bin1 denotes a point in the section with a diameter of 220 nm and BinN denotes the combined Bin in an
N x N squared region. we selected Bin20, Bin50 and cell-Bin data for subsequent analysis. The B50 data is used to show an overall landscape
of the cecum section. The B20 data is used to show the detailed landscape. In addition, we segmented the cells based on the ssDNA picture
and reconstructed the spatial expression data from the segmentation results to generate cell-Bin data, where a point represents a cell. The
cell-Bin data is used to display the detailed landscape.

Spatial clustering

We used BayesSpace (v1.4.1) for spatial clustering of spatial transcriptome slices.*” This method uses information from spatial neighbour-
hoods to enhance the resolution of spatial transcriptome data and perform clustering analysis.

Deconvolution

We used the Cell2location method to deconvolve the spatial transcriptome microarray using single-cell transcriptome data as the reference
dataset.” tangram (v1.0.3) was used to predict the cellular composition of each Bin50.”* We chose to use the p-value as a criterion to select
the five most important marker genes for each cell type as signals. “map_cells_to_space” function was used to obtain a mapping of single cell
data to spatial data. Finally, the signal intensity of each cell under each merged box was obtained by the “project_cell_annotations” function.
The "visualization” of the various cell compositions was implemented by the “plot_space” function of Cell2location and the NMF algorithm

was implemented by the NMF module in “sklearn.decomposition”.”*

Statistics and reproducibility

All cecum spatial transcriptomics data shown in the main and supplementary panels were generated from GF n=1 and SPF n=1 for a total of
two mice. Cecum single-cell transcriptomics data were generated from GF n=2 and SPF n=2 for a total of four mice. Cecum metabolomics
data were generated from GF n=10 and SPF n=10 for a total of 20 mice. Cecum anatomical data were generated from GF n=13 and SPF n=13
for a total of 26 mice. Spatial data for the colon were generated from GF n=1 and SPF n=1 for a total of two mice. Single cell data for the colon
were generated from GF n=1 and SPF n=1 for a total of two mice. Statistical analysis of anatomical data from Figures 1D and 1E and statistical
analysis of metabolites from Figure 6C were performed using Student’s t-test two-tailed test. The statistical analysis of epithelial cell propor-
tions from Figure 4C was performed using Fisher's exact test two-tailed test. Gene expression statistics from Figures 4G, 7F, S7C, and S7D
were analyzed using Wilcoxon test two-tailed test.

Immunofluorescence

8 um thick sections of cecum were cut and fixed in cold methanol for 20 minutes. After three washes with PBS, the tissue sections were en-
closed in containment buffer (3% BSA, 0.3% Triton™ X-100 in PBS) for 30 min and then overnight at 4°C. The next day, the sections were
washed with PBS and incubated with a fluorescent-conjugated secondary antibody for 1 h. The sections were fixed in cold methanol for
20 min. The next day, the tissue sections were washed with PBS and incubated with fluorescence-conjugated secondary antibodies for 1
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h. Fixed medium containing DAPI was used to visualize the nuclei and preserve the slides. Antibodies used were as follows: polyclonal anti-
body to AQP8 (bs-6786R).

Total osmolality determination

The contents of the cecum of adult GF mice (n=3) and SPF mice (n=3) were taken. The contents were centrifuged at 10,000 g for 15 min and the
supernatant was taken. The total osmotic pressure of the supernatant was determined by referring to Chinese Pharmacopoeia 2020 Edition
Part Four General Rule 0632 Osmotic Pressure Molar Concentration Determination Method.
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