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WE: U ERALREBREGHRERTREERZER, A el g s EAEHARMGES
BERBEZINBAER RS AFEN . KR KA 16STRNA £ B & H E N 78 A, ik o7 6 B X i
NEBEAL (MA) GHAEFEER (N ) WEHFH &K HES G, FIAJER I R#AF (UHPLC-
Q-TOF/MS) 2 #r il # b TR R R A R, B I KR EMKE B A WAL R 3E,
MIPREFEBREEERGZNBEXRE., FRET, NEBEMERANEAHFERELEASA L SN EE
ME#HFEEE®R, WA (Spirochaetota) 83 R H W AW EHAYEER, UWERHI]
( Proteobacteria ) f7 #L #F # |1 ( Bacteroidota) H £, ¥ E Z &5 & TN HE B (Vibrio) . B EH T H E
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RN, ELHE 5 AN FOK IR B EE Ak, AN RE A P FH g Sh
SR URL Y 7 AR B, A AU S 0 R TR A A,
TERR BB S A 0L T 2 W 3 2, T s i ft
REEBAEHTY, CAPIES, RN E R4 2
KRGS MR B AN R v, HANE R RE W b Y
A= TR AR S0 R 5 5L T 45 B 5 By 1 vk #E AE E
BAER®Y,

SCUE (Meretrix meretrix ) Vg 2k BUTR () AT DL 2S5
B D AEW R A BRIV VD B ER A . BT IE B
Y SR BR PR 5 U8 A A SR W, S RO B HAK D R
REPAw &N SR = [ A i 7) 81 P E e o1 g 16
SR SO P — IR U P DA, X LSRR 3 R TR
B2 Be R U0 IR gE R B, SCIA 2k B IR S,
o R AT RE T BT, B A R AR A e R M R o ik
03 BTN, A A M 2 RS A A B, T g
% 4 RO TR AR 22 T, Yue S U R B SC
W SN BT N IRPE S IR AL R, I LA R R AT
DABE R o3 W BV R AR SCRAE T o SR, 56 T 3R
A R R LR W B [ A TR A . B RE M H 5 18
FARW SR TERC R, H T R REEH .

0 H AT, 168 rRNA J PR e i 5 0 7 5 AR 2 9
Iz T B K 7 2 0 20 28 S R W TR R A |
5 AV AL A 5T o X WT 85 ( Oncorhynchus mykiss ) Zl I 3t
AR REHEAT I, K BT FF 1R & (Arthrobacter) F1¥2 FT
W )& ( Psychrobacter) H %5 5 H H B g, e 4h,
A2 2% BE 08 S W 15 32 7047 o 2E PR BIRRAS T 1Y
s B, 8 s Az i AL o U H K BE
(Aurelia coerulea) N 73 WA W 5 W38 28 /N o3 AR )
S E AP aEE S H 3RO, JE R Rk T
Dael's, wrgr W, 15 Y A RE 2 ) A AR AR 5
A AF 6 1 U7, I 4 T T BB R TR R 45 A I R 4R A5 S,
WHEL T e S 5 51k . W 268 ( Channa ar-
gus) I KRB Bl o T4 =M Ia o S @AM &
B, SR 0 i 4 B (0,78 45 BR B ( Staphylococcus aureus) i
PR T B IR A MU R, o AN R R S AR Al
L S TR B DO R T e 7 AR (D T
FEAE AR 25 XU VP Ak 5 4t B M) b Je B s T o %) 107
ﬁﬁ%[l‘)fzo]o

R AR 5 SO A R AR 25 AR G 1Y o o7 R A A Ak
S B ARALE, AW 5% R A ) 20 AR 2 B 43 A
HME . e, i id 16S rRNA FE A &y &0y, £ i £t
R STy A0 A R ZH 2805 8V T AR B R I AR AR, A ST A
A AL 5 B e T e oI TR a8 S 56, A1) Al 30 e AR
LA HR, XF BE A3 A B WCAE VS I 38 R S A

2 5%, T e S22 AU s B, SRERIE IR SR 53
WAL B 252 A, A W) AR 2 1w, B R
SCA s RV AE DR L 2R DU AU S, R
SC e PR A 2 S B ARIL A £ 3 e AR Bl S B TS LA
[F it A PR AR TE DL 2 H 1 JR— 20 R SR P P ol 22 5 B
W AEA

2 RS

2.1 KIed

2024 4 NHTVL T A2 g 7 W o 1 AR Al 0T 5
BFPILHCRAE 2 R EHE SCIR 500 R, BAK 5T (43.23 =
6.24)mm, 7¢55(26.28+2.72 )mm, 7¢(35.54+£4.53 )mm,
AR (26.88 = 3.68) g LI AT, K SCUAE F% 7 d, #4Hl
WKL (23 £ 1) °C, SR 22 + 1, R K 11X,
R EL MG AT 1 IR/NER 3 ( Chlorella vulgaris), B 57
Jii , PRIk TE 158 5 SO 200 K7, BENL A A 5256 2 (IR
36 ) FrOeE R . S A - K S T 1x10° CFU/mL
B 1L 9K & ( Vibrio parahaemolyticus) (B 3K %, Wk YR
5 ATCC17802) /K Hh, FFZL M8 96 hy X B2« 4 5S¢
L R R S 1 B RS O 2N [ P s W v
() IR 58 25 A 5 B SR A ]

16S rRNA K& K43 I ¥ : 96 h 5, B R A %)
HEZH SCHG 5o, ¥ B T RWEAE & L, TR g 4um
T AN IR T K S, FH TG B ) 0 ) BRSO RG Sh S R
W, IR FRIC N B W (N1~N5); FRHUCH AN B2 41,
Fric A ERE(M1~MS), A A 5 —80°C TR 17

P2 23 B2 96 h =, 43 59l DA KT I 4 1 S 56 2H 4%
B AL BE T 30 R SCuG, BRI 6 MEW¥EE (n=06),
BEASEE A REAS 6] — 4L 5 o SCE 1) A0 £ A TR
BTG, BE S A C/E EP 45, 2 B bR iC A XF B 2 26
W (C1~C6) F1 52 56 21 25 Wik (E1~ E6), W A 3 Uk J5
—80°C 1417 -

ZH A2 50 B2 96 h S, 43 I BROK R 2L R S I 4 S
W5 45 3 KL, TG IR RO SRS, BT 4% Z R H
[ E PN
2.2 THASMEREFNE K DNA F2EL. 16S rRNA EE ¥

R SESNF

{#i FH VAMNE stool/soil DNA Extraction Kit 43 il £
BT WA AN I BL  E DNA, F 845 /Y ( Gene Com-
pany Limited, Synergy HTX) #17 DNA € & . LA IE [
5|4 338F(5-"ACTCCTACGGGAGGCAGCA-3"). J% [
514 806R (5-GGACTACHVGGGTWTCTAAT-3")%} 16S
rRNA J: K V3~ V4 XFFITP 1, PCR B 7 4: 95°C il
Ak 5 min; 25 MEFR (959 30's, 50°C 30 s, 72°C 40 5);
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GRERE TR

72°C JEAH 3 min. R FH#E K% (VAHTSTM DNA Clean
Beads) 4li fk H #5 X 38k PCR 7= 4 (10 uL & & 4% 10 : 8
Fe ) S REBR S &, 4 80% L FETE VbR AR, U
4t fk PCR 7= ¥ 1E N BEAR, 7% Index B 23k 51 9
(MPPI-a/b) #£17 Solexa PCR ¥4 (20 pL & &, 10
), AN 7 SCE . SCJFE £ Tllumina NovaSeq 6000
7, B IR B iE 4 Trimmomatic 33 J€ . cutadapt 25| 4,
e 438 i QIIME2(2020.6) A DADA2 i F2 #E 17 25 Mt |
PHE Kot G AR 23 B, AR5 5 BT B ARk & 7 91 T T I 2
G3HT o
23 XHIMNEREALRLHME

BURATE T 4% 2 R EE B SCIG AN ERH 2L (n = 3),
B 22 RGNBR B SRR . HORAE T REE W, A1 0
AL, i85 B 4 pm JERESD) o V) G RO IBU |
FhEE CWKALIS , A AT PRl 4k 24 Y. (1) AB-
PAS 4% {5 ( Alcian Blue-Periodic Acid Schiff staining) :
SR FH BT R B  — 3 R 5 R vk o U0 R MR 2 Bl R
(10 min), % 4L (5 min), Schiff iX 7] (10 min) J& {8,
TBAUI Rl LA SRR 2552 Y A A, DL X A R T K 2
CBAy 107 06, 08 €5) 5 v M 26 22 0 /B D55 (PAS, %241
£, ), (2)Masson = &, 4% {f, ( Masson’s trichrome stain-
ing): R FH N A 20 fh 20— R e i v o W1 R IR &l
21 H 41 (5 min), BEEHER (2 min), K% 5 (2 min) Y {4,
DA A3 B T 27 2 (R Jie i, W6 €0) 55 WLET 4 | 2F 2 R 5%
(AN FRLL AR EL, £168), FTAa Yo (o 20 BR (8] 5 2 7043 Ve i,
Y0 58 UG HRUBEK BB, o e L B S
BV A E T Nikon 801 ¢ @ G4 B 37 T WLE2 | M
24 XHRFRMIAEREE R BEZE ST

N S T R 2 AR P36 41 0 S R (96 h)

ER 2 AC IR G, IR W B/ S IREL, B0 &

25 T8 T NG KV W S Vs A 3L e 4 T T VR A T TR
T30, R A Agilent 1290 UHPLC £ %: fil HILIC {43
HE, 76 25°C AR P40 IAR: (A) % 25 mmol/L
LIRE S 25 mmol/L K BI/KIE W, (B) & LB, ik
0.5 mL/min, JEFE R 2 uL, FESH T 4°C H BhUERERS P
TRAE, S AT I B AL 2E R, IE46 A QC BEAR DL W45
ZYikasErE . [# AB Triple TOF 6600 B (Y 7E1F | 7
BT R — ISR . BT RS Gasl/
Gas2: 60, CUR: 30, Ji & 600°C, ISVF: 5 500 V., 9
L —ZA A m/z 60~1 000, EFHETE 0.20 s/spectra;
A m/z 25~1 000, BEFRAFE] 0.05 s/spectra. KA
IDA #EIRE 2 513, DP: £ 60 V, RiffERER (35 15)eV,
BT 10 MMEBEE T, R IR EE 4 ProteoWizard
e mzML ¥4 3UR, RFH XCMS FEFF A TR | {4 B

I )G T 5 s T AR AR B (B0 centWave m/z =10 x 107,
peakwidth = c( 10, 60). B 5 X £ 95 i 17 1 15 9 %6
K PRUAl B, A4 N R R R AH KT 50% 1 504 . KNN
W55, I uE RSD KF 50% (¥ feature, DAL S 22507 .
2.5 HEHH

fii 11 USEARCH(v10.0) 7E 97% Al AL P 7K ~F- 5 Xif
75 AT B 284 1 OTU, JIF LA F 515 0.005%
(A7 s P R QUIME2 43 #7 Alpha 2 REHE,
Jf T Bray-Curtis 5 2538 &F R i & #6147 3 A8 45 50 B
(PCoA) I NMDS 7341, I QUME %A= A [ 73
AT R IR R . AN S BhTRORE A 8] A B
2557 1 2 R FHERL R R 7 22531 (One-way ANOVA) i
ik, PLp < 0.05 b5 BA 0258 bR
FIFH LEfSe #E47 22 5 B RE A 2 MR 20 S0 T, e 20 52
A2 8] ) s i 1 2 S U 0 25 B o R PICRUS®2 56
T OTU R Bl 40 B Yy g, IF 55 KEGG 4 2 Lb X 3k
5 AR 15 L {8 ropls A% AR 15 2H BOH AT B
2543 BT Il PLS-DA #2454, L VIP =1, FC =2, FC <0.5
H p < 0.05 Mhr#EGH €2 50 . 8 KEGG &
T (0 < 0.05) % 5 2 R HaE i . LAY Ay
rhls P (relative betweenness centrality ) 2 fiF i % 1 3
FMREAE IF 43 B 22 S AR P AR B I S B
Mo B e R 3T B2 R 2R G 43 T 5 3 40 1A S
55 22 AR ] 1) DRI

3 4%

301 XN EEMFBREEERSW
3.1.1 16 rRNA PR 7 F 8 B 22 R 1 2 Bt

T X SO SN BB W 10 N FEAS Y 16S IRNA
FEH V3~V4 X, 23845 611 600 X reads, Jiif5 5
135 571006 2% /= i i )5 51, 45 FEAS T HI A T 46 81
7& 57101 Z [ . BT A ¥ A 4 R 25 IRl 2 346
AU OTUs. M iR, UG ANERRA LN (M 4) 5
HMNEREF (N A1) 23 31 & 47 1 689 F1 990 4~ OTUs, H
Hr 3 OTUs 2 333 4> (i B OTUs 1Y 14.2%), i 4¢
A OTUs 43314 1356 F1 657 4. = B} OTU 43 4ii
FOBCR I, M AN 5 = T N2, A S
FITEAE B B 22 55, 245 OTUs 764 H 4159 b 4 5 1 2
B4 19.7%(M 41) Fi1 33.6%(N 41).

o ZREERBMAEYX RN EEESY
SYRE, T B2 W) e ME AN [R] R A ] i 24 0 2 1 1 25
B R B 48 . Shannon-Wiener 2% . 25 9% -3 B i
L R A B (& la~d) ¥ T 22, FZHF
WS, CE BT A REZHBYMERE . o-ZF
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FEAR
a 600 ° ¢ ~MI NI
6l — S 10t} M2 N2
5| ——— T % N
f W a0f =102\ -
-ﬂp%: 4r = ﬁ He A\ M5 NS
g R | e — 7
ERPRNR: YN & 2001 FREA E
@ -Ml -M2 -M3 -M4 - M5 ‘Y{-Ml -M2 -M3 -M4 - M5
0 - N1 N2 -N3 N4 -N5 0 - N1 N2 -N3 N4 -NS5
1 1 1 1 L 1 1 1 = 1 1 1 1 1 1 1
0 20 000 40000 60 000 0 20 000 40000 60 000 0 100 200 300 400 500 600
bJS 95 2Tk WP F31% LUEL R
PCoA-PCl1vsPC2 NMDS1vsNMDS2
600 14 - = 0.6¢, - £
500 F T = 1.0f
= L g 03} .
& 400 | - . ' D “ o 5 05[ \
S 0p - {7 ° Bo00r g 0-0'\' )
H : I & Z \,,.,/'
2l 200 . e % 03t —0.5¢F
|~ & i &} o] -1.0f -
100 ® ol A & ‘Il\\l/l 0 ﬁlil/l
P N 0.6, . . . . 15k : . .
0123454678910 -04 -02 00 02 04 06 -1 0 1 2
HAEH PCf#REE71.78% NMDST1 (Stress = 0.027 0)
1 SO AMERE (M) FIRE TR (ND B RE Y SR 28 1 B ZREME i
Fig. 1 Clustering and B diversity analysis of the mantle (M) and mucus (N) microbiota in M. meretrix

a. £ Al ) Shannon £5 £ £k 5 b. FFE 5k IR B 25 . 0T A BF A I SF G- M 4R d. BT A AR AR A Y Rl B IR A 2R K

e. PCoA 43 #; . NMDS 43 #7

a. Shannon-index curves of all samples; b. rarefaction curves of all samples; c. rank-abundance curves of all samples;

d. box plot of detected species numbers for all samples; e. PCoA analysis; f. NMDS analysis

0.012 0.012
600 | &N 600 |
500 | 500 |
g =
: :
2 400t £ 400
300 - ) i 300 - ) i
M N M N
0.026 600 + 0.013
c d
T 500 - . T
ﬁ B
g g
E . £ 400 ‘.
@l . 1%}
300
M N M N
B 2 SCUGANERE (M) AN BH B (N) 4158 BETE 1Y a-Z REPEFE 3

Fig. 2 The o -diversity index of the bacterial communities in the mantle (M) and mucilage (N) in M. meretrix

PEFE B AT R (] 2), SN ERAS (M 4D HEF 5
BEH e, TRV (N2 ) 4t TR RF V% 3 50 FE T iy, HLM
2 [A] ACE, Chaol. Shannon % Simpson & #{ ¥ 77 1€ i
F225 (p<0.05), PCoA 5 NMDS 4 #7, 25 5 & 8 b
EEHA G FWFEALE B- 2 B8, B i
SRS, W HF L W RE VR A5 P A A 35 25 S (14 Le

;H]f)o

A 13.04%.

3.2 AN REVE 2H 2

FETTKE L (F 3a), SCHAME B 21 (M 4L) LU
B2 €44 1] ( Spirochaetota ) (44.45%) 128 I 1 ] ( Proteo-
bacteria)(38.31%) 4 X O F B ], $UAT B4 ] ( Bacter-
oidota) (12.53%) W = ; T % ¥ (N 20 ) Wl LA A2 JE T 1)
(44.86% ) FLFT 177 (29.32%) A 3=, WA T HE 494X
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a 100 - w RE b 100 = R4
= fifl = Hoftl
< 80} ] Bdellovlbrl_onota < 80FH ® Methylophagaceae
@ Fusobacteriota @ Pseudoalteromonadaceae
6ok = Campylobacterota 60 - B Lachnospiraceae
# m unclassified_Bacteria ﬂ" B Rhizobiaceae
® ® Actinobacteriota = B Marinomonadaceae
ZE 40t m Desulfobacterota E 40t m Crocinitomicaceae
.f’.\\‘ ® Firmicutes %? H Vibrionaceae
B ook = Bacteroidota B 20t = Flavobacteriaceae
= Spirochaetota ® Rhodobacteraceae
® Proteobacteria

0 MI1 M2 M3 M4 M5 N1 N2 N3 N4 N5

0 H Spirochaetaceae
M1 M2 M3 M4 M5 N1 N2 N3 N4 N5

c 100 R
u oAt
© 80F ® Fluviicola
@ - Paracoccus
# 60 | - - u Cohaesibacter
MR u Flavobacterium
.%'E a0t || u Leisingera
S = I u Marinomonas
el . u Gemmobacter
T 20 . u Tenacibaculum
u Vibrio

0 MI M2 M3 M4 M5 N1 N2 N3 N4 N5
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3 SCuR AN (M) AV (ND TR TE 25 20 28 KT 1 P 3 AR = 82 23 A 15 L

Fig. 3 Average relative abundance distribution of the microbial communities in the mantle(M) and mucus(N) at different taxonomic

levels in M. meretrix
a. 1K B A b, BHKOE B2 24 c. 8 7K 1 3 J5 4k

a. Taxonomic composition at the phylum level; b. taxonomic composition at the family level; c. taxonomic composition at the genus level

B JEAKE (B 3b Fl o) £ BT R, ShERE S
FBOE BT SR 6] B A= ) AR 386 . AP E B R
I IR 3 A E , DL E (R B} ( Spirochaetaceae) 32
5, I 5L AT E R (Rhodobacteraceae) T A8 ZFE5H #T &
( Gemmobacter) . T X F ¥ # J& (Leisingera) . & EK 7
J& (Paracoccus) 55 [ K SR L B8R 5 T 285 R A7 A 1)
BRI A £ o0, BE AR B A A7 9 91 R B (Vibrion-
aceae) " W 51 IR T & (Vibrio) FI %L & #T W J& ( Ten-
acibaculum) BUAL o [ W, 24T & Bl ( Flavobacteriaceae)
mh 32 SR B3 8 1 JE (Flavobacterium) . T 5T T &
(Marinomonas) 5§10 B J& ( Fluviicola) %5 A7 W 1F 15
A BB W I RE R AR P B E AR o
e, SCISREWAE R — AR LI RO B, TR R 2
LU SR TEAR B X 327, %78 Sl s SR B 5 22 i
PR TR A A7 58 G 0 2 J0A% Rl .

B 5 R LY S A4 R ZH 2 R P A
VR, R TR EWAESA IS . TEHT 20
A2 oy R D (RS PRI R (Pseudomonas) . R
43 2 ) W2 i€ 4K B} (unclassified_Spirochaetaceae) . 75 7k
B IR J& (Devosia) . B E1AT T J& ( Pseudorhodobacter) .
BiAT B 8 (Sulfitobacter) . W& V% ¥ 1 J& ( Psychrobacter)
FL 5% WU R R (Stenotrophomonas) . &) BR T & 55 R 3
R AN R S A o (AR TE B, WAL AE R
M 5 J& ( Endozoicomonas) . 61 T§ J& ( Fluviicola) . ¥
JE# B (Marivivens ), 25 [CFT 1 )& (Lishizhenia) A L
W J& (Salinirepens) % 15 7 W v 32 B0 W it & 4R SRR AIE
(14 4),

WA, A5 FH S e 00 43 BT 88001 K /N ok S5 5 R A 1)
VAR . R LS 19 MR, SN E R
2f e Y 12 > (LDA score > 4), X H6 /028 BEAE X
33K PR A 2 1) DA R 2L R TR R A T R BEE (181 5)
3.1.3  EHEA g s
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** indicates the significant difference in the level of p < 0.01
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Mantle-mucus microbial communities and metabolic responses to
Vibrio stress in the hard clam Meretrix meretrix

Wang Mengtian"*®, Fu Lulu®®, Yao Hanhan', Dong Yinghui’

(1. Zhejiang Key Laboratory of Aquatic Germplasm Resources, College of Biological & Environmental Sciences, Zhejiang Wanli University,
Ningbo 315100, China; 2. College of Modern Agriculture, Zhejiang Wanli University, Ningbo, 315101, China; 3. Ninghai Marine Biologic-
al Seed Industry Research Institute, Zhejiang Wanli University, Ninghai 315604, China)

Abstract: The mantle tissue and its mucus of the hard clam Meretrix meretrix play a significant role in defending
against pathogens. However, the potential links between the composition and function of their inherent microbiota
and host immunity remains unclear. In this study, 16S rRNA gene high-throughput sequencing was used to com-
pare the microbiota composition and potential functions between the mantle tissue (group M) and mantle mucus
(group N) in health clams. Non-targeted metabolomics (UHPLC-Q-TOF/MS) was employed to analyze metabolite
changes in the mantle mucus under Vibrio stress. Furthermore, spearman correlation analysis was applied to integ-
rate the microbiota and metabolomics data, aiming to preliminarily explore potential associations between the mi-
crobiota and host immune metabolism. The results revealed significant niche differentiation between the mantle and
mucus microbiota. The mantle microbiota exhibited higher richness and was dominated by the phylum Spiro-
chaetota, while the mucus microbiota showed higher evenness, with Proteobacteria and Bacteroidota as the domin-
ant phyla. The mucus was significantly enriched in taxa with polysaccharide-degrading or potential pathogenic cap-
abilities, such as the genera Vibrio, Tenacibaculum and Flavobacterium. Functional prediction indicated that the
mucus microbiota was more active in immune- and energy-related pathways, like cysteine and methionine metabol-
ism and oxidative phosphorylation. Metabolomic analysis under Vibrio stress showed significant alterations in vari-
ous immune-related metabolites in the mucus, including succinate acid, propionate acid, and phenylalanine. Correla-
tion analysis between microbiota and metabolites revealed close associations between resident microbes and host
metabolites, such as a strong positive correlation between the genus Marinomonas and uracil, and a strong negative
correlation between Flavobacterium and nitrate. Collectively, these findings suggest that the mantle-mucus com-
plex functions as a dynamic interfacial microenvironment. Its specific microbial community structure may interact

with host metabolism, providing immunological preparedness for the host to counteract pathogen invasion.

Key words: Meretrix meretrix; mantle; mucus; bacterial community; metabolomics
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