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Introduction
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€ Germ-free mice show liver bile acid
synthesis and ileal reabsorption anomalies.
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Integrated cross-organ multi-omics maps of tissues in SPF and GF mice
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. OElght tissues including primary (bone marrow and thymus) and secondary (spleen) lymphoid organs, mucosal tissues (gut), as |
IweII as blood and liver were used for scRNA-seq. After filtering, a total of 269,105 cells were retained for unsuperwsed:
| clustering and we identified 17 major cell populations with 85.2% immune cells and epithelial cells (22.89% B cells, 33. 83%

' NKT cells, 12.32% myeloid cells, and 16.37% epithelial cells). .



Integrated cross-organ multi-omics maps of tissues in SPF and GF mice
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The mic@lﬁota exhibits organ-specific heterogeneity in the regulation of B cell development and plasma cells composition
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QQ?he microbiota exhibits organ-specific heterogeneity in the regulation of myeloid cell function

(G) 19 (H)

@ 0DPT(Q)
@ 1Alpha-bota T

TINKCellCyle BMe1 Neam Hs

11 Gamma delta T cell
12 NKT

. @ 2Cdd&cdssP 13 Socs2 + NKtr
(A) (B) Myeloid Cell Cyle _[c}] ® 3Stprt+Seli+CD4 @ 14 Ic::; :NK
) . : 4 Sell + CD4 $ 18 cxdart + Cda Tme
) 5 Seil + CD8 16 CD8aa_1
@ 0 Macro (Retnia high) 10 pDC : j;’" 345 ® 17 /g + Cd8 Trm
@ 1 Kuffer cell 11 Neu cycling (Mpo high) @ 2 ® e
@ 2 Macro (AcpS high) 12 HSCF . @ 9RORyt+ILC3 ® 20pLzF+1LCp
@ 3 Macro (Gpnmb high) 13 Neu (Mpo high) @ 10 Nerf +NK
@ 4 Dying cell @ 14 Neu cycling (Camp high) J K =
@ 5Cd16+DC @ 15 Neu (Camp high) s ) T cell ( ), P m——— l T By
@ 6 Migratory cDC @ 16 Neu (Retnlg high) . fm [ Numstat (Cind) . 15047 enot-significant 1 abp1
@ 7cDC2 ® 17 Neu (I1b high) Liver | * = (e 3:1%: o up-reguiated [ :
@ 8 Monoctype @ 18 Basophil Blood = | * 251-500 : ! !
ar @ 9cDC © 19 Mast cell b= | 501-750 el | 1,
1 Spleen| © «p= | * 750-1000 i {2
myy 11 “p= | ® 1000-5000 1001 T
14 13 lleum ‘I | Propstat |
() (D) (E) ez @
e | @ 2
Blood |2 & ° 1 T T%1 1 * [ [Numstat GF up-regulated £ stereo-seq of spleen RNA F spl Cecum = 0332 " R g
oo [ X . e @0 oo Ml ®q-100 leukocyte migration ~log (p) 3 @ -seq of sp SERNA-seq of spleen { e ® 100 & g " s
e — - Thymus . . v
Thymus [ ] : :;: : : : : : : : . o e : ;: 101-250 |mn§|campmt!55|gnallng pathway ) B | E = g 71 I:I “*lo | mor
251-500 negative regulation of hydrolase activity 6789 sns c_ Mice | 2 e | = SPF 500 i
[ ) 16¢9EDARASENREN]x negafive regulation of profeolysis | 25§ 2 22 o ;
R IEE 4 490> SABEBE | P oo | TeeusRenGpepEse e — gs2 if :
oe e o efe]e < fu| © 750-1000 525 8§33 o J
Colon IS0} auERIRi + fm | ® 1000-5000| EHESHGIEROROHCSGREINGIDAEN 259 521 | L I
0o ee0es o oo I= |Propstat 0 25 50 75 10.0 ag I:I 5 IR oo B =2 0 2
Cecum - @ B 0 = — regulation of intestinal 2 bsorption GF up-regulated .
eroci@e ol "oy | OSSSER S0 2R g P G oK T R oy F v P cDtan 1 Avrag g2 FO)
. . e . ] e 9 oiom o )
tver| 0 .l et eleoe ISR L | @050 response to virus o } F) T coll mediated cytotoxicity J—
® callular response to biotic stimulus 111213 lnisstinalabsoption | (M) .
oo te0esee . o0 el|®@0T75 . ; | |
Spleen], . 900 +0@e osss. om@100 regulation of hemopoiesis S| GF spleen Pasys IR e | | Macro (Acp5 high)
.o 111 ) | ™Y | mcr negative regulation of immune system process [ leukocyte mediated cytotoxicity | \ | Macro (Gpnmb high)
Bm c0000000 k| . adaptiveimmune response , : Joldjoonfosten Wil farspot [ Macro (Retnla high)
Mice 1 000000 0 50 100 150 ‘ F > e 120 [T | Monoctye
- . response to interforon-gamma SPF up-
* *19es0000 Gene number (Neu (/15 high) GO enrichment result) 1000 um i e e sui’,gg',.e?pu)laled 1
518106 040 2101 7 3 817111615131412 Bk ). — | Fop3v ey
s "o Ifng+ Cd8 Trm
RORyt +ILC3
17
o bepoess SR EEEE e
s 8 £ =
small intestine ledkocytecol-calladhesion | = T o -2-10 12
0 50 100 150 200 Bactartal
antigens M Thi7
Gene Number (CD8aa_1 GO enrichment result) osoe, > @IL 16/Tnf 4 — v - ‘.”_,11 22},

€ Microbes do not influence the number of neutrophils in the bone marrow but regulate neutrophil development and
survival, resulting in a significant reduction of neutrophils in peripheral organs

€ Microbiota deficiency disrupts the cell cycle of thymic T progenitor cells, leading to an accumulation of naive T cells
in peripheral organs, particularly the spleen and gut, and aberrant T cell activation

€ By examining the homing of T cells from the gut, we reveal the heterogeneity differences of T cells and
intraepithelial lymphocytes between small and large intestinal .



The microbiota regulates zonation, function, and nutrient absorption of intestinal mucosa
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: € Both scRNA-seq and Stero-seq data analysis showed significant changes in epithelial zonation in GF mice compared to SPF mice,

; including thicker apical absorption zone in the ileum (Apoa4 high mature epithelium), colon (Saal high and Hmgcs2 high mature epithelium),

1 and cecum (Saal high and Hmgcs2 high mature epithelium), but thinner secretory zone (Globlet cell enriched) in the colon of GF mice !
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Microbes regulate epithelial function

as follows:
€ The overall immune function of

GF mice.

GF mice.

in GF mice.

€ The metabolic function of the
epithelial subtype (Reg3g high)

intestinal epithelial cells is reduced in

€ The nutrient absorption capacity of
the ileum is significantly enhanced in

€ The energy metabolism function of
the large intestine is downregulated

enterocytes is enhanced in GF mice.
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The micr%iﬁc‘ta regulates dietary lipid processing by intestinal enterocytes and regulates blood lipid levels by ZBTB20- LPL axis in the
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I @ Our study reveals unique lipid droplet characteristics and autophagy features in GF mice. I
: € \We demonstrate for the first time that the microbiota regulates the expression of Lpl-Zbtb20 and its zonation within liver lobules, contributingto 1
 lipid metabolism regulation in GF mice I
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' € GF mice exhibit reduced bile acid concentrations in multiple tissues and significant changes in hepatic bile aC|d|

| composition, suggesting a shift in bile acid synthesis pathways from the classical to the alternative route.
: € Key genes involved in bile acid synthesis and enterohepatic circulation reabsorption are also significantly altered in

1 GF mice.
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Q Conclusions

€ Our study present a multi-organ single-cell, spatial transcriptomics, and bile acid omics atlas of SPF and GF
mice.

& Plasma cell aggregation displays significant tissue heterogeneity depending on the gut microbiota.

€ GF mice exhibit impaired follicular and marginal zone B cell maturation, linked to microbiota-mediated
modulation of Cr2 gene expression.

€ The microbiota regulates the development and survival of neutrophils in the bone marrow, influences the
development and differentiation of T cells in the thymus, and modulates intraepithelial yo T cell composition
and lipid absorption in the small intestine.

€ Notably, spatial transcriptomics of gut have, for the first time, revealed significant changes in the functional
zonation of the intestinal mucosa in GF mice, with an enlargement of lipid droplets in absorptive enterocytes
of the small intestine, transitioning towards lipophagy and enhanced fatty acid oxidation, underscoring a key
pathway in GF mice’ resistance to obesity.

€ Concurrently, spatial transcriptomics of liver have also, for the first time, revealed that the zinc finger and
BTB domain containing protein (ZBTB20)- Lipoprotein lipase (LPL) (ZBTB20-LPL) axis, which regulates
blood lipids, exhibits a gradient expression pattern in the liver that is modulated by microbes.

Juan Shen, Weiming Liang, Ruizhen Zhao, Yang Chen, Yanmin Liu, Wei Cheng, Tailiang Chai, Yin Zhang, Silian Chen, Jiazhe Liu, Xueting Chen, Yusheng Deng,
Zhao Zhang, Yufen Huang, Huanjie Yang, Li Pang, Qinwei Qiu, Haohao Deng, Shanshan Pan, Linying Wang, Jingjing Ye, Wen Luo, Xuanting Jiang, Xiao Huang,
Wanshun Li, Lixian Liang, Lu Zhang, Li Huang, Zhimin Yang, Rouxi Chen, Junpu Mei, Zhen Yue, Hong Wei, Kristiansen Karsten, Lijuan Han, Xiaodong Fang
2025. Cross-tissue multi-omics analyses reveal the gut microbiota’s absence impacts organ morphology, immune homeostasis, bile acid and lipid metabolism.
IMeta 4: e272. https://doi.org/10.1002/imt2.272
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