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Table S1 The importances of 12 metabolic biomarkers in the gut metabolite networks of healthy and white feces syndrome (WFS) shrimp are quantified using eigenvector centrality.
	
	Importance
	
	Average abundance

	Metabolite name
	Healthy
	WFS
	
	Healthy
	WFS

	Pyruvic acid
	0.73
	0.33
	
	118,087,037
	39,243,083

	DL-glutamine
	0.71
	0.25
	
	238,834,390
	82,302,806

	D-proline
	0.59
	0.60
	
	443,508,318
	71,543,281

	L-lysine
	0.55
	0.32
	
	14,966,827,921
	2,180,856,359

	D-tryptophan
	0.55
	0.52
	
	13,227,972,500
	2,961,140,950

	L-tyrosine
	0.43
	0.31
	
	27,483,532,029
	5,301,928,858

	D-carnitine
	0.41
	0.47
	
	75,161,958
	173,056,014

	Sodium cholate
	0.37
	0.14
	
	4,974,121
	932,940

	Adenine
	0.36
	0.57
	
	18,869,765
	46,721,323

	Cholic acid
	0.33
	0.20
	
	20,821,734
	3,425,977

	Flavin adenine dinucleotide
	0.26
	0.41
	
	148,687,609
	866,902,744

	L-ascorbate
	0.18
	0.19
	
	9,751,925
	1,438,500


Table S2 Similarity percentage analysis identifies the top 10 metabolites contributing most significantly to the dissimilarity between the VI (Vibrio infection only) and control groups (Experiment 1).
	Metabolite name
	Contribution
	Cumulative contribution

	Pyruvic acid
	0.132
	0.132

	Hypoxanthine
	0.084
	0.216

	DL-glutamine
	0.052
	0.268

	Eicosapentaenoic acid
	0.047
	0.315

	L-(-)-Methionine
	0.034
	0.349

	Arachidonic acid
	0.034
	0.383

	Docosahexaenoic Acid
	0.030
	0.413

	D-α-Hydroxyglutaric acid
	0.026
	0.439

	DL-Tryptophan
	0.022
	0.461

	Elaidic acid
	0.016
	0.477


Table S3 Metadata statistics obtained from metagenomes (Experiment 1). The numbers represent biological replicates for each treatment. CK: Control, MS: Supplementation with keystone metabolites only, MV: Supplementation with keystone metabolites combined with Vibrio infection, VI: Vibrio infection only.
	Sample
	Sequence
	Base (GB)
	Q20 (%)
	Q30 (%)
	Percentage (%)

	CK1
	48222556
	11.23
	98.01
	93.97
	57.26

	CK2
	34769100
	9.52
	98.28
	94.68
	53.12

	CK3
	32705297
	8.99
	98.47
	95.07
	58.68

	CK4
	36084210
	9.85
	98.08
	94.00
	55.36

	CK5
	32799958
	9.04
	98.49
	95.19
	64.71

	CK6
	32752356
	9.02
	98.43
	94.92
	60.84

	MS1
	36393466
	10.06
	98.80
	96.14
	67.07

	MS2
	38962163
	10.58
	98.25
	94.65
	59.22

	MS3
	33281852
	9.15
	98.61
	95.50
	58.22

	MS4
	42244112
	11.40
	97.92
	93.85
	64.51

	MS5
	31646725
	8.70
	98.31
	94.58
	68.51

	MS6
	34308387
	9.48
	98.70
	95.72
	65.18

	MV1
	36342913
	9.91
	97.46
	92.45
	50.46

	MV2
	34813061
	9.59
	98.57
	95.41
	55.04

	MV3
	34026832
	9.32
	98.34
	94.80
	55.01

	MV4
	33504649
	9.22
	98.59
	95.47
	70.44

	MV5
	32644755
	9.03
	98.61
	95.42
	57.38

	MV6
	34008678
	9.43
	98.91
	96.36
	68.50

	VI1
	37153985
	10.29
	98.50
	95.09
	55.63

	VI2
	37167470
	10.28
	98.48
	95.06
	60.09

	VI3
	32709653
	8.99
	98.39
	94.83
	55.21

	VI4
	34169341
	9.43
	98.80
	96.04
	68.74

	VI5
	34850241
	9.68
	99.16
	97.22
	80.69

	VI6
	40033195
	10.90
	98.03
	93.97
	51.56

	Average
	35649789
	9.71
	98.43
	95.02
	60.89


Note: Percentage is the proportion of sequences assigned to shrimp.
Table S4 Quantitative the effects of keystone metabolites and Vibrio spp. infection on the variations in the shrimp gut microbiota using permutational multivariate analysis of variance (PERMANOVA) with adonis function (Experiment 1). The R2 value is the proportion of the community variances constrained by each variable or interaction.
	
	F. Model
	R2
	P

	Keystone metabolites
	7.94
	0.206
	< 0.001

	Vibrio spp. infection
	5.80
	0.151
	< 0.001

	Keystone metabolites: Vibrio spp. infection
	4.72
	0.123
	0.005


Table S5 Topological properties of gut networks in the CK, MS, MV, and VI shrimp at 9 days post infection (dpi; Experiment 1). Refer to Table S3 for abbreviations.
	
	Average degree
	Modularity
	Average path length
	Positive/negative association (%)

	CK
	4.76
	0.704
	3.746
	66.4/33.6

	MS
	7.81
	0.820
	2.561
	63.7/36.3

	MV
	5.29
	0.662
	3.746
	67.3/32.7

	VI
	4.43
	0.579
	3.993
	70.7/29.3


Table S6 Similarity percentage analysis identifies the top 10 species contributing community dissimilarity between the VI vs. CK, MV vs. VI, and MS vs. CK shrimp at 9 dpi, respectively (Experiment 1). Refer to Table S3 for abbreviations.
	Species
	VI vs. CK
	
	MV vs. VI
	
	MS vs. CK

	
	Contribution
	Cumulative contribution
	
	Contribution
	Cumulative contribution
	
	Contribution
	Cumulative contribution

	Vibrio fluvialis
	0.146
	0.146
	
	/
	/
	
	/
	/

	Vibrio tubiashii
	0.135
	0.281
	
	/
	/
	
	/
	/

	Vibrio coralliilyticus
	0.082
	0.363
	
	/
	/
	
	/
	/

	Vibrio owensii
	0.043
	0.406
	
	/
	/
	
	/
	/

	Pukyongiella litopenaei
	0.042
	0.448
	
	/
	/
	
	/
	/

	Ruegeria intermedia
	0.039
	0.487
	
	/
	/
	
	/
	/

	Halomonas azerbaijanica
	0.038
	0.525
	
	/
	/
	
	/
	/

	Ruegeria arenilitoris
	0.034
	0.559
	
	/
	/
	
	/
	/

	Algoriphagus marincola
	0.030
	0.589
	
	/
	/
	
	/
	/

	Maribacter flavus
	0.022
	0.611
	
	/
	/
	
	/
	/

	Ruegeria lacuscaerulensis
	/
	/
	
	0.212
	0.212
	
	/
	/

	Bacillus subtilis
	/
	/
	
	0.160
	0.372
	
	/
	/

	Nioella nitratireducens
	/
	/
	
	0.080
	0.452
	
	/
	/

	Clostridioides difficile
	/
	/
	
	0.045
	0.497
	
	/
	/

	Ruegeria atlantica
	/
	/
	
	0.039
	0.536
	
	/
	/

	Xanthomarina gelatinilytica
	/
	/
	
	0.025
	0.561
	
	/
	/

	Algoriphagus marincola
	/
	/
	
	0.018
	0.579
	
	/
	/

	Maribacter flavus
	/
	/
	
	0.017
	0.596
	
	/
	/

	Polystyrenella longa
	/
	/
	
	0.016
	0.612
	
	/
	/

	Marilutibacter penaei
	/
	/
	
	0.015
	0.627
	
	/
	/

	Bacillus subtilis
	/
	/
	
	/
	/
	
	0.191
	0.191

	Ruegeria lacuscaerulensis
	/
	/
	
	/
	/
	
	0.152
	0.343

	Nioella nitratireducens
	/
	/
	
	/
	/
	
	0.062
	0.405

	Paracoccus homiensis
	/
	/
	
	/
	/
	
	0.038
	0.443

	Tenacibaculum lutimaris
	/
	/
	
	/
	/
	
	0.030
	0.473

	Ruegeria atlantica
	/
	/
	
	/
	/
	
	0.024
	0.497

	Algoriphagus marincola
	/
	/
	
	/
	/
	
	0.022
	0.519

	Maribacter flavus
	/
	/
	
	/
	/
	
	0.021
	0.540

	Halioglobus sediminis
	/
	/
	
	/
	/
	
	0.021
	0.561

	Ruegeria arenilitoris
	/
	/
	
	/
	/
	
	0.021
	0.582


Table S7 The differentially functional pathways (DFPs) between MS vs. CK, VI vs. CK, MV vs. VI, MV vs. CK, MV vs. MS shrimp at 9 dpi, respectively (Experiment 1). Refer to Table S3 for abbreviations.
	
	MS vs. CK
	VI vs. CK
	MV vs. VI
	MV vs. CK
	MV vs. MS

	map00051 Fructose and mannose metabolism
	No significance
	No significance
	Reduced
	Reduced
	Reduced

	map00052 Galactose metabolism
	No significance
	Enriched
	No significance
	Enriched
	Enriched

	map00220 Arginine biosynthesis
	Enriched
	No significance
	No significance
	No significance
	Reduced

	map00230 Purine metabolism
	No significance
	Enriched
	Reduced
	No significance
	No significance

	map00240 Pyrimidine metabolism
	No significance
	Enriched
	Reduced
	No significance
	No significance

	map00250 Alanine, aspartate and glutamate metabolism
	No significance
	Enriched
	No significance
	Enriched
	Enriched

	map00253 Tetracycline biosynthesis
	Enriched
	No significance
	No significance
	No significance
	Reduced

	map00260 Glycine, serine and threonine metabolism
	No significance
	Reduced
	Reduced
	Reduced
	Reduced

	map00261 Monobactam biosynthesis
	Enriched
	No significance
	No significance
	No significance
	Reduced

	map00270 Cysteine and methionine metabolism
	No significance
	Reduced
	No significance
	No significance
	No significance

	map00290 Valine, leucine and isoleucine biosynthesis
	No significance
	Reduced
	Enriched
	No significance
	No significance

	map00300 Lysine biosynthesis
	Enriched
	No significance
	No significance
	No significance
	Reduced

	map00330 Arginine and proline metabolism
	Enriched
	Reduced
	Enriched
	No significance
	Reduced

	map00340 Histidine metabolism
	Enriched
	No significance
	Reduced
	Reduced
	Reduced

	map00350 Tyrosine metabolism
	No significance
	Enriched
	Reduced
	No significance
	No significance

	map00360 Phenylalanine metabolism
	No significance
	Enriched
	Reduced
	Enriched
	Enriched

	map00380 Tryptophan metabolism
	Enriched
	Reduced
	Enriched
	No significance
	Reduced

	map00400 Phenylalanine, tyrosine and tryptophan biosynthesis
	Enriched
	Reduced
	Enriched
	Enriched
	No significance

	map00410 beta-Alanine metabolism
	No significance
	No significance
	Reduced
	Reduced
	Reduced

	map00440 Phosphonate and phosphinate metabolism
	No significance
	No significance
	Reduced
	Reduced
	Reduced

	map00480 Glutathione metabolism
	No significance
	Reduced
	No significance
	No significance
	No significance

	map00500 Starch and sucrose metabolism
	Enriched
	No significance
	No significance
	No significance
	Reduced

	map00521 Streptomycin biosynthesis
	No significance
	Reduced
	Enriched
	No significance
	No significance

	map00540 Lipopolysaccharide biosynthesis
	Enriched
	Reduced
	No significance
	Reduced
	Reduced

	map00620 Pyruvate metabolism
	Enriched
	Reduced
	Enriched
	Enriched
	No significance

	map00630 Glyoxylate and dicarboxylate metabolism
	No significance
	Reduced
	No significance
	No significance
	No significance

	map00640 Propanoate metabolism
	Enriched
	Reduced
	Enriched
	No significance
	Reduced

	map00650 Butanoate metabolism
	Enriched
	Reduced
	Enriched
	No significance
	Reduced

	map00730 Thiamine metabolism
	Reduced
	Enriched
	Reduced
	No significance
	No significance

	map00740 Riboflavin metabolism
	No significance
	Enriched
	Reduced
	Reduced
	Reduced

	map00750 Vitamin B6 metabolism
	No significance
	Reduced
	Enriched
	No significance
	No significance

	map00760 Nicotinate and nicotinamide metabolism
	Reduced
	Enriched
	No significance
	Enriched
	Reduced

	map00770 Pantothenate and CoA biosynthesis
	Enriched
	No significance
	Enriched
	No significance
	Reduced

	map00780 Biotin metabolism
	Reduced
	No significance
	No significance
	No significance
	Enriched

	map00785 Lipoic acid metabolism
	Reduced
	No significance
	Reduced
	Reduced
	No significance

	map00860 Porphyrin metabolism
	No significance
	Enriched
	Reduced
	No significance
	No significance

	map00906 Carotenoid biosynthesis
	No significance
	Reduced
	Enriched
	No significance
	No significance

	map00909 Sesquiterpenoid and triterpenoid biosynthesis
	No significance
	Reduced
	No significance
	Reduced
	Reduced

	map00920 Sulfur metabolism
	Reduced
	Enriched
	Reduced
	No significance
	No significance

	map01240 Biosynthesis of cofactors
	No significance
	Reduced
	Enriched
	No significance
	No significance

	map01250 Biosynthesis of nucleotide sugars
	No significance
	No significance
	Reduced
	Reduced
	Reduced

	map01502 Vancomycin resistance
	Reduced
	No significance
	No significance
	No significance
	Enriched

	map02010 ABC transporters
	No significance
	Enriched
	Reduced
	No significance
	No significance

	map02020 Two-component system
	Reduced
	Enriched
	Reduced
	No significance
	Enriched

	map02024 Quorum sensing
	Reduced
	Enriched
	Reduced
	No significance
	No significance

	map02030 Bacterial chemotaxis
	No significance
	Enriched
	Reduced
	No significance
	No significance

	map02040 Flagellar assembly
	Reduced
	Enriched
	Reduced
	No significance
	Enriched

	map03070 Bacterial secretion system
	Reduced
	Enriched
	Reduced
	No significance
	No significance

	map04122 Sulfur relay system
	Reduced
	Enriched
	Reduced
	No significance
	No significance


Table S8 The direct and indirect relationships between variables (Experiment 1). The path coefficients are calculated by partial least squares path model (PLS-PM) after 999 bootstraps. The relative importance (total effect) is the summed direct and indirect effects.
	Relationships
	Direct
	Indirect
	Total
	P

	Keystone metabolites   Community structure
	0.934
	0
	0.934
	< 0.001

	Keystone metabolites   Shrimp transcriptome
	0.531
	0.125
	0.656
	0.012

	Keystone metabolites   Network stability
	0
	0.698
	0.698
	0.011

	Keystone metabolites   Gut metabolome
	0
	0.665
	0.665
	0.012

	Keystone metabolites   Functional structure
	0
	0
	0.441
	0.032

	Keystone metabolites   Vibrio pathogens
	0
	–0.590
	–0.590
	0.022

	Keystone metabolites   Mortality
	0
	–0.378
	–0.378
	0.041

	Keystone metabolites   Anti-inflammatory cytokines
	0
	0.444
	0.444
	0.032

	Keystone metabolites   Pro-inflammatory cytokines
	0
	–0.199
	–0.199
	0.064

	Community structure   Vibrio pathogens
	0
	–0.595
	–0.595
	0.021

	Shrimp transcriptome   Vibrio pathogens
	–0.366
	–0.179
	–0.545
	0.027

	Network stability   Vibrio pathogens
	–0.336
	–0.124
	–0.460
	0.034

	Gut metabolome   Vibrio pathogens
	–0.326
	–0.223
	–0.549
	0.026

	Functional structure   Vibrio pathogens
	–0.172
	0
	–0.172
	0.071

	Anti-inflammatory cytokines   Vibrio pathogens
	–0.633
	0
	–0.633
	0.004

	Pro-inflammatory cytokines   Vibrio pathogens
	0.368
	0
	0.368
	0.027

	Vibrio pathogens   Mortality
	0.730
	0
	0.730
	< 0.001


Table S9 The relative abundances (%) of Bacillus subtilis, Nioella nitratireducens, and Ruegeria lacuscaerulensis across experimental groups.
	
	
	N. nitratireducens
	R. lacuscaerulensis
	B. subtilis

	Experiment 1
	MS
	0.095 ± 0.023
	0.433 ± 0.069
	0.050 ± 0.011

	
	CK
	0.047 ± 0.008
	0.064 ± 0.009
	0.032 ± 0.011

	
	MV
	0.096 ± 0.021
	0.223 ± 0.035
	0.038 ± 0.007

	
	VI
	0.014 ± 0.009
	0.017 ± 0.004
	0.009 ± 0.004

	Experiment 2
	CK1
	0.097 ± 0.003
	0.167 ± 0.006
	0.416 ± 0.013

	
	MV1
	0.140 ± 0.003
	0.220 ± 0.005
	0.566 ± 0.015

	
	VI1
	0.033 ± 0.003
	0.081 ± 0.006
	0.128 ± 0.014

	
	MSP
	0.134 ± 0.002
	0.172 ± 0.005
	0.433 ± 0.014

	Experiment 4
	CK2
	0.059 ± 0.012
	0.038 ± 0.013
	0.016 ± 0.006

	
	SV
	0.083 ± 0.022
	0.074 ± 0.008
	0.061 ± 0.013

	
	VI2
	0.012 ± 0.015
	0.007 ± 0.003
	0.003 ± 0.001


Table S10 Detailed information of 15 studies, spanning 16 disease-control comparisons, used in this study.

	References
	# Disease
	# Control
	Disease name

	Chen_20171
	24
	13
	AHPND

	Yao_20182
	27
	31
	AHPND

	Dong_20213
	6
	6
	AHPND

	Reyes_20224
	47
	8
	AHPND

	Zhou_20195
	5
	5
	CSL

	Xu_20256
	37
	43
	EHP

	Baliga_20217
	4
	3
	EHP

	Ning_20248
	13
	10
	EHP

	Xiong_2017a9
	12
	5
	OV/RE

	Yu_202210
	3
	3
	TD

	Huang_202011
	84
	75
	WFS

	Munkongwongsiri_202212
	14
	14
	WFS

	Xiong_2017b13
	39
	68
	WFS

	Wang_201914
	10
	8
	WSSV

	de Souza Valente_202015
	5
	5
	WSSV


Note: the numbers in the “# Disease/Control” column represent the remaining sample sizes for each study after rarefaction.
Abbreviations: AHPND, acute hepatopancreatic necrosis disease; CSL, cotton shrimp-like disease; EHP, Enterocytozoon hepatopenaei; OV, overgrown; RE, retardation; TD, translucent disease; WSSV, white spot syndrome virus.
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Table S11 The relative abundance of B. subtilis, N. nitratireducens, and R. lacuscaerulensis in different disease-control groups. Asterisks indicate significant differences between treatments (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, unpaired t test). Refer to Table S10 for abbreviations.
	Study ID
	B. subtilis
	
	N. nitratireducens
	
	R. lacuscaerulensis

	
	Healthy (%)
	Diseased (%)
	
	Healthy (%)
	Diseased (%)
	
	Healthy (%)
	Diseased (%)

	Chen_AHPND
	1.273 ± 0.177***
	0.324 ± 0.026
	
	1.009 ± 0.326*
	0.653 ± 0.124
	
	0.812 ± 0.275**
	0.331 ± 0.219

	Yao_AHPND
	/
	/
	
	/
	/
	
	/
	/

	Dong_AHPND
	/
	/
	
	/
	/
	
	/
	/

	Reyes_AHPND
	1.124 ± 0.125**
	0.693 ± 0.019
	
	/
	/
	
	1.003 ± 0.342**
	0.576 ± 0.315

	Zhou_CSL
	0.806 ± 0.101**
	0.453 ± 0.110
	
	1.013 ± 0.258*
	0.527 ± 0.221
	
	0.921 ± 0.218*
	0.411 ± 0.208

	Xu_EHP
	1.123 ± 0.423**
	0.541 ± 0.127
	
	/
	/
	
	/
	/

	Baliga_EHP
	0.811 ± 0.350**
	0.333 ± 0.155
	
	1.009 ± 0.318**
	0.313 ± 0.102
	
	/
	/

	Ning_EHP
	0.230 ± 0.112
	0.221 ± 0.153
	
	1.026 ± 0.577***
	0.159 ± 0.010
	
	/
	/

	Xiong_OV
	/
	/
	
	/
	/
	
	/
	/

	Xiong_RE
	/
	/
	
	/
	/
	
	/
	/

	Yu_TD
	1.036 ± 0.014***
	0.404 ± 0.103
	
	0.964 ± 0.361*
	0.531 ± 0.211
	
	1.103 ± 0.410**
	0.522 ± 0.121

	Huang_WFS
	1.232 ± 0.411***
	0.562 ± 0.213
	
	1.314 ± 0.310**
	0.332 ± 0.146
	
	0.816 ± 0.202*
	0.461 ± 0.113

	Munkongwongsiri_WFS
	1.225 ± 0.307**
	0.618 ± 0.312
	
	0.763 ± 0.214*
	0.319 ± 0.115
	
	1.003 ± 0.519**
	0.522 ± 0.312

	Xiong_WFS
	0.911 ± 0.305**
	0.423 ± 0.102
	
	0.917 ± 0.351**
	0.321 ± 0.018
	
	1.216 ± 0.582**
	0.641 ± 0.262

	Wang_WSSV
	0.540 ± 0.209*
	0.120 ± 0.101
	
	0.631 ± 0.185
	0.528 ± 0.221
	
	0.591 ± 0.143*
	0.264 ± 0.135

	de Souza Valente_WSSV
	/
	/
	
	/
	/
	
	/
	/


Table S12 Basic information regarding the genomes of B. subtilis, R. lacuscaerulensis, and N. nitratireducens.
	Type
	B. subtilis
	R. lacuscaerulensis
	N. nitratireducens

	Sequence length (bp)
	4,299,854
	4,593,455
	4,015,438

	GC content (%)
	43.5
	58.0
	63.5

	Contig N50 (bp)
	4,215,651
	370,688
	226,972

	Gene number
	4,462
	4,508
	3,937

	Total length of coding sequence (bp)
	3,830,952
	4,184,948
	3,633,355

	Number of CDS
	4,342
	4,458
	3,883

	Number of tRNA
	89
	45
	49

	Number of rRNA
	30
	3
	3


Table S13 The diagnosed healthy status of shrimp in field and in microcosm using the levels of two keystone metabolites (pyruvic acid and DL-glutamine) and three beneficial strains (R. lacuscaerulensis, B. subtilis, and N. nitratireducens for constructing a synthetic microbial community) as dependent variables.
	
	
	Field
	
	Microcosm
	

	
	
	Healthy
	WFS
	
	CK9
	VI9
	Overall accuracy (%)

	Field
	Healthy
	6
	0
	
	
	
	100

	
	WFS
	1
	5
	
	
	
	83.33

	Microcosm
	CK9
	
	
	
	5
	1
	83.33

	
	VI9
	
	
	
	1
	5
	83.33


Fig. S1. Heatmap showing the metabolite categories of healthy and WFS shrimp.
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Fig. S2. Volcano plots of differential metabolites (thresholds: P < 0.05, |log2 fold change| > 1, variable importance in projection (VIP) > 1) between WFS and healthy shrimp.
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Fig. S3. (A) The top 12 gut metabolic biomarkers are ranked in descending order based on mean decrease accuracy in Random Forest model using 10-fold cross-validation. (B) The diagnosis accuracy of shrimp healthy status using the levels of 12 gut metabolic biomarkers as dependent variables in Random Forest model. (C) Principal component analysis (PCA) score plot based on 12 gut metabolic biomarkers showing variance in gut metabolomes of healthy and WFS shrimp.
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Fig. S4. Dietary supplementation with keystone metabolites protects shrimp from WFS (Experiment 1). (A) Hematoxylin and eosin (H&E)-stained hepatopancreas and (B) gut tissues at 9 dpi. B: B-cells secretory cell, E: E-cells embryonic cell. L: lumen. VH: Gut villus height. BM: Exfoliation from the basement membrane. Scale bar = 20 μm. Comparison of the number of hepatopancreas (C) B and (D) E cells, the height of (E) gut villi among treatments at 9 dpi. Different lowercase letters indicate significant differences among CK, MS, MV and VI cohorts at 9 dpi using one-way analysis of variance (ANOVA). Refer to Table S3 for abbreviations.
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Fig. S5. The effects of keystone metabolites supplementation and/or Vibrio spp. infection on enzymatic activity and cytokine levels (Experiment 1). (A) interleukin-10, (B) interferon-α, (C) catalase, (D) alkaline phosphatase, (E) lysozyme, (F) tumor necrosis factor-α, (G) interleukin-6, (H) pepsin, (I) lipase. Significance in mean ± standard deviation between CK and MS at 0 dpi is tested using unpaired t test (*P < 0.05). Different lowercase letters indicate significant differences among multiple treatments (CK, MS, MV and VI) at 9 dpi using one-way ANOVA. Refer to Table S3 for abbreviations.
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Fig. S6. The heatmap showing metabolite categories among different treatments (CK, MS, MV, VI) at 9 dpi (Experiment 1). Refer to Table S3 for abbreviations.
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Fig. S7. Differential metabolites between control and experimental shrimp (Experiment 1). (A) PCA score plot showing variance in gut metabolomes among treatments. (B) Volcano plots of differential metabolites (thresholds: P < 0.05, |log2 fold change| > 1, VIP > 1) for pairwise group comparisons. (C) Forty metabolites enriched in VI shrimp compared with CK shrimp at 9 dpi. (D) Twenty-seven metabolites depleted in VI shrimp compared with CK shrimp at 9 dpi. Columns represent averaged metabolite abundances per treatment. Refer to Table S3 for abbreviations.
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Fig. S8. The effects of keystone metabolites supplementation and/or Vibrio spp. infection on metabolite networks (Experiment 1). Gut metabolite networks for (A) CK, (B) MS, (C) MV, and (D) VI shrimp at 9 dpi, respectively. Only confident and strong connections (Spearman’s correlation coefficient |r| > 0.8 and significant P < 0.05) are shown. Top eight modules (M1–M8) are displayed in different colors. A blue connection (edge) between two nodes indicates a negative correlation, while a red edge indicates a positive correlation. (E) Network stability between treatments was compared using network modularity, negative association, robustness, vulnerability and compositional stability, respectively. Refer to Table S3 for abbreviations.
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Fig. S9. Keystone metabolites supplementation can regulate gut microbiota dysregulation induced by WFS in shrimp (Experiment 1). (A) Comparison of the gut microbial Shannon diversity and richness index among groups. (B) Principal component analysis (PCoA) depicting the structures of shrimp gut microbiota among groups using Bray–Curtis distances. (C) Comparison of the distances of PCoA axis 2 within group to validate the protective effect of keystone metabolites. (D) Gut microbial networks in the CK, MS, MV, and VI shrimp at 9 dpi. To improve confidence, only strong and significant connections (Spearman’s correlation coefficient |r| > 0.8 and P < 0.05) are included. Blue and red connections (edge) between two nodes indicates negative and positive correlations, respectively. Modules (M1–M8) are displayed in different colors. (E) Comparing relative abundances (mean ± standard deviation) of the detected R. lacuscaerulensis, N. nitratireducens, and B. subtilis in gut among treatments at 9 dpi. Different lowercase letters indicate significant differences among treatments at 9 dpi using one-way ANOVA. Refer to Table S3 for abbreviations.
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Fig. S10. Keystone metabolites supplementation and/or Vibrio spp. infection effects on bacterial dominant populations (Experiment 1). Comparison of the dominant gut microbiota in shrimp at the (A) phylum/class and (B) genus levels. Refer to Table S3 for abbreviations.
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Fig. S11. Heatmaps showing the distributions of differential gut species among groups (Experiment 1). (A) Enriched 55 species, and (B) depleted 61 species in VI compared with CK at 9 dpi, respectively. The columns on the right are the averaged abundance within each treatment. Refer to Table S3 for abbreviations.
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Fig. S12. (A) The optimal number of biomarkers was determined through 10-fold cross-validation in the Random Forest model. (B) The top 14 gut biomarkers are ranked in descending order based on mean decrease accuracy. (C) The diagnosis accuracy of shrimp healthy status using the levels of 14 gut biomarkers as dependent variables in Random Forest model (Experiment 1). Refer to Table S3 for abbreviations.
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Fig. S13. Positive and significant correlation between the activity of (A) lysozyme, (B) alkaline phosphatase or (C) lipase and the expressive level of its encoding genes using linear regression analysis, respectively (Experiment 1).
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Fig. S14. The effects of keystone metabolites supplementation and/or Vibrio spp. infection on shrimp hepatopancreas transcriptomes at 9 dpi (Experiment 1). (A) PCoA biplot depicting distinct transcriptomes of shrimp among treatments. (B) Volcano plots depicting the distribution of differentially expressed genes (DEGs) and their corresponding pathways (C–G) between MS vs. CK (C), VI vs. CK (D), MV vs. VI (E), MV vs. CK (F), MV vs. MS (G) shrimp, respectively. First circle: KEGG pathways assigned to DEGs. Different colors represent different KEGG 1 class classifications. Second circle: the number of gene ontology (GO) enriched for each KEGG pathway. Third circle: the number of up- (red) and down-expressed (green) DEGs. Fourth circle: the rich factor value of each pathway (the number of differential genes in this pathway divided by all the numbers in this pathway). The arrows indicate the key pathways involved in host disease resistance. Refer to Table S3 for abbreviations.
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Fig. S15. (A) Partial least squares path modeling (PLS-PM) showing cascading relationships among variables based on 1,000 bootstraps (Experiment 1). Loadings for gut network stability and shrimp transcriptome used to construct latent variables are shown in dashed ellipses. Path coefficients are proportional to arrow width. Green and red arrows indicate positive and negative relationships, respectively. (B) Standardized total effects (direct + indirect) of each factor on summed pathogen abundance.
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Fig. S16. Keystone metabolites alleviate Vibrio-induced WFS via lipoxin A4 (LXA4) generation (Experiment 2). Hepatopancreas levels of (A) interleukin-10, (B) interferon-α, (C) tumor necrosis factor-α, (D) interleukin-6, and (E) AP-1 activity. Relative abundances (mean ± s.d.) of (F) R. lacuscaerulensis, (G) N. nitratireducens, and (H) B. subtilis in shrimp guts at 0 dpi and 9 dpi. (I) H&E-stained gut tissues and (J) hepatopancreas tissues at 9 dpi. B: B-cells secretory cell, E: E-cells embryonic cell. Comparing the numbers of shrimp hepatopancreas (K) B cells, and (L) E cells among treatments. Lowercase letters indicate significant differences among treatments at 9 dpi using one-way ANOVA.
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Fig. S17. Positive and significant correlation between the activity of (A) interleukin-10, (B) interferon-α and gut LXA4 levels in Experiment 2 were tested using linear regression analysis.
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Fig. S18. Distribution of carbohydrate-active enzymes (CAZymes) in B. subtilis, R. lacuscaerulensis, and N. nitratireducens.
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