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Abstract

The gut microbiota exerts significant impacts on host health. Current studies primarily utilize
bulk samples (millimeter to centimeter), while systematic understanding of the spatial distribu-
tion characteristics of microbial communities at micrometer resolutions (<100 pm) remains lim-
ited. In this study, we analyzed 7 Kunming mice using 16S rRNA gene amplicon sequencing, in-
cluding 378 colonic micro-scale grains (20~40 pm) and 32 bulk samples. Distinct spatial hetero-
geneity in both taxonomic and functional gene composition of gut microbiota in Kunming mice
were observed, with functional heterogeneity being significantly lower than taxonomic heteroge-
neity. Micro-scale grains accommodated significantly fewer species and functional genes com-
pared to bulk samples, while exhibiting significantly greater inter-grain variability in both taxo-
nomic and functional compositions. Co-occurrence networks constructed from bulk samples and
micro-scale grains displayed marked topological differences. This study expands our understand-
ing of spatial distribution patterns in gut microbial communities at micrometer scale, and demon-
strates that interspecies relationships inferred from samples of different scales exhibit substan-
tial discrepancies.
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JiEE RS TS FAER DR S 55, HA RS TR AR 18 ERE TR0 S T SR K
A A EERW[1]-[3]. LK, FEE @ ENF AR PR, JOHRZEER A TR, AT
Xof e B R S DhRE AR VA T IR, FRMIEE T — R 51 B AR A0 R 20 350008 [ 4]-[6] - 5 kIR
B, o DRI 20 25 D7 VEE 3R 7 B B 2 ) R R P 9 TR A — 8 R R, R B (R 20 25 7 VE S e B R 2R
HAHRBCT FR R R — 1k, I ERERE S Mo AEE[7]. Bk, i AAERORE BT
T8 AT 1) 75 (B A0 AT TR AR A PR
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2. MMERZE
2.1. KHEEHY

W 6 LT SPF e R II/NR 7 X, 10 H B AR S I8 s B G PR A 7 (VP RTHIE 5 : SCXK (8)
2019 0003). T 7= AR FH K R KB R Atk A SE5 RS R SR, B ERE, WA 6 . A
i H CIE AR — NREREFAC TR A s, R M.

2.2. S SMEE

/INERASEFH STUME I FVE AR ST I, 5 P UBoRE (1 1) % 77 144 HE Sheth 28 NFTRER VR 58 7] Ak
T: BUNRZIE B T Methacarn 0 [ € 24 /AN . B 52 G IS5 BT N T 3 mm (O BE. K&
WA BCE T PBS W IR 5 min, HBEEH 0.1% M58 X-100 ¥] PBS W+ FHZH 5 704,
FATE B 4R T 25 B R K 43 o AN S5 BOBUE PCR &, IR B s 45k m . BTk b
W% E Smin, (fHARBHRSEBHRE RN, K5 EHRIEERE, ETIKERE 2 /M. BERER
BB, TAE 37T CHREFRA T 4 AN I T8 AS IR R o FH TG B 3810 0 59 B 3 T A 35 A5 o PR e
Jii, fHHH PBS Bk XS5 H TET Stk —ik[ 7]

2.3. WFAIAHI & SEE

B G /N RS B B BUBRNBTBE &, AR S min, 7R BB ACITBE 20 0. (I BE A
BN 1 mlPBS ¥R, WA OB R B L. AR MR, UREE, B R HERBE AR . 13,000
Xg B0 2 43, AR R o ) UL R OINN 500 uL AR, 37°CHEE 1h, FEIIA 500 uL 4
M, 65°CIFAE 15min; )5 95°CIFHE 5 min DMEE I K #2505, 13,000 xg 250 2 min Y& EE
IRk, A4 TET Srhismiseis 3 (7]

2.4. WHRIASIE. PCR ¥ 5N

N T EBRBURL A CORRURL, e 40 pum 4H TR IR B RO, RV, EEAZP R 2 IRDLKR
WORE B (LA 20 pum JE e 8 9 (25 BRI XA T Ik 8, AR BB LB kL, E R
B2k, FrRRIRRAEA T 20 um~40 pm 2 (B FIROBURL[12] . EO0R0RE 23 T PBS S, fEIE G
H, fEB T NS T B AEE(GP-660V), {81 2.5 uL MRS B R MORTRLBEAT 7318, 44 7738 He IO ORIk % 7%
F KB PCR A, ARSI SSLIEE T 4 HUNR 400 MR T 5 225256, 25 56 B RS TR AR IR EX
TORRL, HARHRAE S SLIG H AR 12].

fFA5I9% 515F: GTG YCA GCM GCC GCGGTA A 1 806R: GGA CTA CNVGGG TWT CTA AT
PIE4HTE 16S rRNA ZEF 1) V4 [X[13][14]. PCR ¥ 38R RWIR: 0.5 pL 4 13% 25 F(20 mg/ml), 12.5 ul 2
x Taq Plus Master Mix, 0.5 uL 515F (1 uM), 0.5 uL 806R (1 uM), 2.5 uL #£fh, 9 uL TAZEREE/K. ¥4
RN : 98°C 2 734 25 FEFR(98°C 10 #p, 55°C 30 Fb, 72°C 40 #5); 72°C 5435k 10°CIRmK. 147~
Yifd F PCR P4 iR A G (CW230 IM)BEAT 44k, i F Bk R A 2 Fr it B R O 21 67 # Rk, AT
P AN Mumina W71 6 8k, 4GS BP0 — AT T8, § 38 F s 98°C 30
FP: 8 FEIN(98°C 10 #b: 55°C 30 #b: 72°C 40 #); 72°C 5 408 10°CORGEL. F e )5, HKE
WO GO 1S P kAT A4k, A5 Qubit XAl J5 =ik AT e &, SRS RIRAG 25, A llumina
NovaSeq6,000 *F & A7 F o

2.5. INREERAHE T DNA BYREL. PCR ¥ #5FF
ARSI/ NG BR T — 30 T BRI b, R 4 T AE B R 2H DNA BO32 . Bk
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W TG TAEGH, SHNIIREREHEASY, I0.5g WY, FRZAPUIRFEM. i HIE
F:[H 4 DNA $#2 HGa775(D2700, Solarbio), #HEULHIF:, XTHURFE k4T DNA IHHL. BUIREE & 1) PCR
Pyl SOEMIELNTE 2.4 5.

2.6. EYEEES T

TESAF IR LGN T T A5, 4 Fastp (v 0.23.2)id JEFEI &7 41[15]. {FH Usearch (v 11.0.667)%})F
FIEATHHE, S&FEFFFIEURT 5000 HIRES . T FEREAE R ASVs, [FIFilL Denovo 51 f13E T 254
B i (Silva_123) 2% ASVs HINSHFHI[16][17]. FRIGE. FEARIEE. Chaol FEELAKFE N ] Bray-
Curtis BLES ] R B (v 4.3.1) P ) vegan WREAT 1. B # 2 077 7270 Hr(Permutational Multivariate Analysis
of Variance, PERMANOVA) ] TAG T E VIR ETE 2 [ 2 57 . ASHIT 78 P A8 57t R 8(CoefTicient of Variation, CV)
W8 ONHE— 43 2 B TTHERE i 2 [F) (RAR HE 22 R PP SB[ 18] TETHE ASVs Z [HIIFLBIOC BRI, T it 4
Wi ASVs T RAVEIAMm 2, AN FDTE 10% K BORL AR 328 KT 0.1%019 ASVs I T34 54T,
EPIAS ASV Z IR R 2 R0 T-0.45 B KT 045, H q {5/ T 0.05 (Benjamini-Hochberg), Mk
NIXPIAS ASVs Z (B 477 B35 558k, 81 Gephi (v 0.9.2)2HIFEHIRZ[19], AL YIRETS ThbE 5L R (1 T
{# Fil PICRUSt2 58 1%[20].

3. RS 5H
3.1. WENERNEDSHEEEZRTRRER
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Figure 1. Rarefaction curves. The x-axis depicts the number of sequences, and the y-axis shows the ASVs number

B 1. #Rihik. BEEARFIIH, KR ASVs HE

AHT T, AL W0 AR /N B G i B i M ORIOREAE S 34T TS . AR JE R BT
BN B 5800 T 5000 MIFES 2 )5, BJE3R1E 9,074,371 &= FiEFS], 2R T 410 MR, HAa
FrHOREE S 32 N7 R/RR), REREE S 378 N4 H/NR) . A TE TR R LR, BATRE kAT T
HPALBE, REMEERISEE 5016 %7 MBI NI R, BEE TN, ASVs B K HE
W To2%, R R0 SRR 8 IR WORE S R A E MR R A R (1] 1) o BRI B M AR 3 D R R A R 1 B
SILIRTE 1480 4~ ASVs. TEHUIRFE S &I 893 A ASVs, FEMUBRIRE S & I 1422 4> ASVs. TEHRIR
FEMR I 893 A~ ASVs 1, A 835 A ASVs FERURMURLFE it P K I, 1X 835 A~ ASVs fEHUIRFF: it ATk
SRR T R T = B 43 50 99.14% + 1,76+ 97.61% + 3.62, 1t W T TPkt O UmURL KL i B AR e,
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RE 5 S /)N B 46 P i A= AT A R

w2 Fs, SmWoBR I BN ASV B, FARIREAN Chaol FREUE FRT YR M(p <
0.001, p <0.001, p <0.001, Wilcoxon Test) (1] 2(A)~(C)), 1+ L ARFEHLE 2 = T HORFF e, L BAROBURLFE
st B AR 1 3 R 22 A P S T HOREE i (p < 0.001, Wilcoxon Test) (14 2(D)). B, BEAEFE & R 1
N, VR AR 2 A
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Figure 2. Microbial diversity between micro-grains and bulk samples from mouse colon. (A) ASV count; (B) Shannon index;
(C) Chaol index; (D) Simpson index; (E) PCoA analysis based on Bray-Curtis distance at ASV level; B representing bulk
samples, S micro-grains, and M1~M12 individual mice. *** represents p < 0.001

B 2. /NS IR S BUIREE A 2 REME LS. (A) ASV #1 & (B) BARIEEL: (C)Chaol 153, (D) ¥R
#; (E) ASV /KF-#:F Bray-Curtis #5251 PCoA 73#7; Hb B ACRIUIREES:, SACRBERL, M1~-M12 fAEARF/N
Mo *#*fR3FK p<0.001

3.2. WEAIERE MR ERFER RN

W 3 fis, HOREE SR GOBURLRE i R RE B TS et s, SRR N 58.64%, B2 RORN
AP B 17(27.78%) BT H 1 1(6.54%) FR L B 1 1(3.66%) . HUIRBE i AR AL 5 9 & 0 A 1] — 5L,
[FIFEIE B T ORORERE S AR, RORRAE S /N BR 25 I I A E DT AU 0L o BIMEERAE T TS, A
FERTURL ] IR 43 A2 AN — . tetun, DN 9M Al JEBETE [ TEEHOIRFE G (8] (AR BE AT 49.3%~
55.6%, M0 CEBCURE 18] IR AR 32 FE AT 29.8%~83.8% 0 JUER T [ 1AEHUREE S b AR AT 5.28%~
8.13%, TEBCIUREH] A AH X EFE AT 0.02%~30.6%0 & 4(A) 7 ITHEL T %A1 1 AE BUR FVRUBURLRE i 5]
MR 5 RA, 45 F BoR S AN B T TTE OO [R] 1148 55 R 400(3.05 + 3.04) 2. 2 5 T HUIRFE 51 (0.24 £ 0.37) (p <
0.001, Paired Wilcoxon Test). 7E ASVs 7K b, FURUREL B AE P03 20 R 28 S BN IR, %51~ ASVs 1E
UCRURE [B] A A2 57 2R 403,51 + 2.88) R FF i 3 K FHUIRFE §4(0.51 + 0.60) (p < 0.001, Paired Wilcoxon Test),
B RRUE R 1K R (B 4B). EAERERNRE, WA ASV AT iR, UF 23
AN ASVs fE—2F DL ERRTR . PCoA 3 ATt R I, [F]— R /N B S5 A HUIRFE it Sl A P e v 4 s
AR, T ABURLAE i U 22 S R (] 2(E))o SOBURLRE 5 (8] ) Bray-Curtis FH B3 . 2% K FHORFEM(p <
0.001, Wilcoxon Test) (¥ 4(C)). PHUtk, [Fl— R /NRPCRFE fAE B YR, TIOBURIRE & 1 29 A7 ) 4%
NE(E 2(E)). L5 b, FrA S RIGERY], FRECT-HOIRFE S, OBORL R P A PR i 2 22 5wk, BIAE
E 57 1
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Figure 3. Microbial community composition at phylum level, with B denoting bulk samples and S micro-grains
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RHE42(KEGG Level 3); it FHUBURLEE i, FIRAROBRL S 263 +9 MRS E(KEGG Level 3).
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Figure 4. Intra-group variation comparison between micro-grains and bulk samples from mouse colon. (A) Coefficient of
variation at phylum level; (B) Coefficient of variation at ASV level; (C) Inter-sample Bray-Curtis distances at the ASV level;
(D) Inter-sample Bray-Curtis distances at the functional genes level; (E) PCoA analysis based on functional gene Bray-Curtis
distances, with B denoting bulk samples, S micro-grains, and M1~M12 individual mice. *** represents p < 0.001

4. NREBHBRERREREARNERMELER. (A) NTKFEEFRE; B) ASV KEERRY; (O #miE
ASVBray-Curtis B85 ; (D) #&[EIIIEEEE Bray-Curtis #553; () T IhEEEE Bray-Curtis BEEEEHY PCoA 7747; H
B RFRPRHE R, S HRRFFHKL, MI-M12 KEFRNR. KK p<0.001
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BERTE 10%FF i AR F T 0.1%00) ASVs F TR 4 2. g 3wl 5 s, HOtReE g 21
LI 2% 2 H 252 AN 5. 8011 25id AL B 5(A)), BR3¢ AU BE il 22 1l I L 2R 56 RN 2% 5 A% o
Fetn 10 M SRR 4%, A 26 AN i 16 U FTA (& 5(B)); 12 M UBURL I LB 484X 1 46
AR 36 ZKLFTAHRUE 5(C))o BRILZ AL, BRRURAT: i i e 0 20 I 288 0 E TR ) 282 (1 S B Y 28 AN
DEILHIC BRI Han 10 M GCRTRE ) 16 NMILIER R, CH 5 MEJUIRFES ORI 12 M kL
(136 NMEHR R, WA 5 MNEBUIREES ORI . 35T HORER Sk Z L EL N 48 B 7R 48 3 o JL K &
RAAEJEREE [ TAHAUAF R T ASVs 2 0f],  H RIS AAAE IEAH OGOR R (43 %) MIAAH IR K R (57%) - 1T 25T
TURE ARG R () SE I 28 T B, 2673 LG R SHAT BT T ASVs MG, H R IEMAHKR KR LI
B, FETHURFE A OURL A R L OC 2 0 28 B B B 7 7

—— Positive relationship
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Figure 5. Co-occurrence network analysis at ASV level of micro-grain and bulk samples from mouse colon. (A) Co-occurrence
network of bulk samples; (B) Co-occurrence network of micro-grains from 10 M; (C) Co-occurrence network of micro-grains
from 12 M, with red connectors denoting positive correlations, green connectors negative correlations, each node representing
distinct ASVs, node colors corresponding to bacterial phyla, and node sizes reflecting the number of co-occurrence interactions

5. ASV 7K P/ REZF BRI S HUR M RIL IR ELE . (A) BURBERBIIEIME 247; (B) MR 10 M kit
WML ; (C) MR 12M BRI Hr; HPOREERREHXXR, FREXRRAEXER, 810
BERERFARE ASV, BEMFERRARE], BEMNKNMESHM ASV EMXRZNHE

4. Hig
B I AR T R B S 2 R I 8, AT SR DA S &l (1 SAFF 8 R 1R BV 1 2 R
FITHRE O T IRNMITIE, XA 5 T 5 R R AT 1. R, AT AT oW R

TR 2 ARES TR, OO DB SR T IR iSRS VR AN A S A R A
"EVIWOR R B AR I L TR B ARIABLIRE T, RUCEMIREE A A2 5 TR [21]-[24] . ASHE T
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xS 7 RN RIS B BOREE b ACUR R S 04T W 7T, G SRR, BARJEEE TR AU iR [ 125 01X Y
FRE i BB ], (R ORORL [ S A DR P A ) 72 e B B 25 T HOR e i, RN B A=
REVEH AR AAAE —E IR B Bedh, BT RUOR A AR N T B, HITREBR I AE B AR
/b, AT B S URORLE il 0 22 R PR = B2 1 8 2 I T HORAE Al R SR

AW FE R, ORURL L Th e 5 PR PR S5 o 1k S 2 AR TR A R ) S B, 3 S i /S BB TE A A2 )
BETLARIZ IR IIREIURE —BLRAERUEMIREE 2 A4E, RVEAT R E DI RERUE I 2 RE 0, U
PR AR R AN E V25 ] EARAZ TGS SRS 1 S 2, (BB SR AN P BRI K, LA
L HAE S E RIS LRI, DHRETUARIX — IR A5 3 5 B SR HE [ 26] -

TEY LI 2638 B T HR MU E R A AR G R . —SERT TR W], AR IR fh 15 211
Tl E S 2838 7 S R K R P AR T X — e D (i 2, T F AF R R MR R DG & AR, ik
WR A MR BT FEAEAE AR B SE N SCSE A RIRI SC AR (1] ABFFUARIL, BIRTCIREE Sh AU 3 22
YR B — B HE S OBURE A5 21 i LB R B i D Tl PO s AR 2 8o, JF B D #ot
PSR ZAEBOIRARE St A RURURLRE it o R I R T o X SR AR AN 7] JURE L6 A R RO 2B AT B AR AR A5 B
FIRFLBLC R, (HFURMAREM AR IERIRN G R, 0725 Sl S 3T IR A B .

BTS2, AW TURE 3G 70 PR /N B S5 B OBURL AN B FE i AT 10T 5 R8T, Belk
P b AN URURE B0 el 2R R R A ORI D eSS DN AL BAT 28 22 57 o URIORE Hh BT BE 78 A Ol A M B A
R 8 PR B 2K T HOPE o ICRURL 3] PR fol A 0 e v AL P 22 S5 M D) RE ik R 25 v T HOIR A i o 2R T UK
FE SRR I A SEBLOC R 2 TROBRLAE i, HIRDUSR RFRAFAEZE R . AW T HROWRE T/
B A IR TR R DR A A IRAS IR o

EE&UIH
FR T H TR TR R 2 R ) B (K C22137) 13 5 B AR AL R0 A I 7 B 25 AR Ak
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