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Supplementary text 1
Analysis of soil properties 
The soil moisture content was measured by drying 5 g of fresh soil at 105-108 ◦C for 12 h. The soil pH was determined using a pH meter at a soil-to-distilled water ratio of 1:5 (weight/volume). In-situ determination of soil REDOX potential (Eh) by portable REDOX potential meter. The soil cation exchange capacity (CEC) was determined by distillation method. Total nitrogen (TN) was analyzed using the Kjeldahl method [1]. Nitrate (NO3−-N) and ammonium (NH4+-N) were assayed using a continuous flow analyzer (AA3, SEAL Company, Germany) [2]. The soil organic carbon (SOC) was estimated according to the oxidation method using sulfuric acid (H2SO4) and potassium dichromate (K2CrO7) [3]. Soil dissolved organic carbon (DOC) was extracted by 0.5 mol/L K2SO4 and determined by total organic carbon (TOC) analyzer. Total phosphorus (TP) was analyzed using a colorimetric method with sodium hydroxide, molybdenum, and antimony [4]. The Olsen phosphorus (Olsen-P) was determined by the molybdenum-antimony-ascorbic acid colorimetric method after extraction with 0.5 M NaHCO₃. Microbial biomass carbon (MBC), nitrogen (MBN) and phosphorus (MBP) were measured using the fumigation method [5-7]. The soil enzyme activities involved in the decomposition of soil organic carbon, nitrogen and phosphorus were determined using the microplate fluorescence method [8]. The activities of β-1,4-glucosidase (BG), β-1,4-N-acetylglucosaminidase (NAG) and alkaline phosphatase (AP). Take 1 g of soil sample, mix it with 50 mL of sterile water for 30 minutes, then take 50 μL of soil suspension, 50 μL of MES buffer solution and 100 μL of corresponding enzyme activity substrates with concentrations (0, 20, 40, 60, 100, 200, 600, 800 μmol/cell) and add them to a 96-well black microplate. The activities of all enzymes were measured using an automatic fluorescence plate reader at excitation wavelength 355 nm, emission wavelength 460 nm and wavelength 25 nm.
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Table S1 Basic information of metagenomic sequencing
	Sample
	Clean reads
	Percent in
raw reads (%)
	Contigs
	ORFs
	N50c
	N90d

	RM 1
	42614190
	96.8
	208413
	233873
	461
	326

	RM 2
	52431700
	97.8
	251101
	286374
	473
	327

	RM 3
	47025828
	97.1
	247383
	281314
	470
	327

	RCP 1
	43342742
	98.0
	181414
	202338
	459
	325

	RCP 2
	47020270
	97.9
	243005
	277006
	487
	329

	RCP 3
	56242850
	98.1
	308030
	344794
	452
	325

	RCT 1
	48592560
	98.8
	171300
	190043
	452
	323

	RCT 2
	46878000
	98.9
	169762
	194347
	482
	328

	RCT 3
	50683078
	98.8
	118375
	129793
	446
	322


a The percentage of clean reads in its corresponding raw reads. 
b ORFs, Open reading frames. 
c N50 represents the length of the contig overlapping the midpoint of the length-order concatenation of contigs. 
d N90 represents the length of the contig overlapping ninety percent of the length-order concatenation of contigs.


[bookmark: OLE_LINK4]Table S2 Information on microbial functional genes 
involved in the C cycling processes identified in this study
	[bookmark: OLE_LINK115]Gene category
	Subcategory
	KEGG orthology
number 
	Encoded protein (EC) / KO Description
	Gene name

	[bookmark: OLE_LINK90][bookmark: OLE_LINK92][bookmark: OLE_LINK89]C degradation
	Starch
	K00705
	2.4.1.25
	malQ

	
	
	K01176
	3.2.1.1
	amyA

	
	
	K01187
	3.2.1.20
	malZ

	
	
	K01200
	3.2.1.41
	pula

	
	
	K01208
	3.2.1.135
	nplT

	
	
	K01214
	3.2.1.68
	iam

	
	Hemicellulose
	K01048
	3.1.1.5
	pldB

	
	
	K01191
	3.2.1.24
	MAN2C1

	
	
	K01195
	3.2.1.31
	uidA, GUSB

	
	
	K01198
	3.2.1.37
	xynB

	
	
	K01206
	3.2.1.51
	FUCA

	
	
	K01209
	3.2.1.55
	abfA

	
	
	K01212
	3.2.1.65
	sacC

	
	
	K01218
	3.2.1.78
	gmuG

	
	
	K01710
	4.2.1.46
	rfbB

	
	
	K01805
	5.3.1.5
	xylA

	
	
	K03928
	3.1.1.1
	yvaK

	
	
	K07406
	3.2.1.22
	melA

	
	
	K10543
	D-xylose transporter
	xylF

	
	
	K10544
	D-xylose transport system permease protein
	xylH

	
	
	K12308
	3.2.1.23
	bgaB, lacA

	
	
	K15923
	3.2.1.51
	AXY8, FUC95A, afcA

	
	
	K19355
	3.2.1.78
	MAN

	
	Pectin
	K01184
	3.2.1.15
	pgl

	
	
	K01728
	4.2.2.2
	pel

	
	Cellulose
	K01179
	3.2.1.4
	celF

	
	
	K01223
	3.2.1.86
	bglA

	
	
	K05349
	3.2.1.21
	bglX

	
	
	K05350
	3.2.1.21
	bglB

	
	
	K19668
	3.2.1.91
	cbhA

	
	
	K01182
	3.2.1.10
	malL

	
	Chitin
	K01183
	3.2.1.14
	chi

	
	Lignin
	K00104
	1.1.3.15
	glcD

	
	
	K00432
	1.11.1.9
	gpx

	
	
	K03386
	1.11.1.24
	Peroxiredoxin

	
	
	K03781
	1.11.1.6
	Catalase

	
	
	K03782
	1.11.1.21
	katG

	
	
	K03862
	1.14.13.82
	vanA

	
	
	K03863
	vanillate monooxygenase ferredoxin subunit
	vanB

	
	
	K11065
	1.11.1.24
	tpx

	
	
	K11517
	1.1.3.15
	HAO

	C fixation
	[bookmark: OLE_LINK32]Multiple systems
	[bookmark: OLE_LINK30]K01962
	2.1.3.15;6.4.1.2
	[bookmark: OLE_LINK31]accA

	
	
	K11263
	6.3.4.14;6.4.1.2;6.4.1.3
	pccA

	
	[bookmark: OLE_LINK33][bookmark: OLE_LINK34]Reductive tricarboxylic acid cycle (rTCA cycle)
	K00031
	1.1.1.42
	icd

	
	
	K00174
	1.2.7.11
	korA

	
	
	K00175
	1.2.7.11
	korB

	
	[bookmark: OLE_LINK35]Wood-Ljungdahl pathway (WL pathway)
	K01938
	6.3.4.3
	fhs

	
	
	K07321
	carbon monoxide dehydrogenase accessory protein
	cooC

	
	[bookmark: OLE_LINK29]Calvin cycle
	K01601
	4.1.1.39
	rbcL

	
	
	K01602
	4.1.1.39
	rbcS

	
	
	K21703
	RuBisCO operon transcriptional regulator
	cbbR

	
	[bookmark: OLE_LINK36]CO oxidation
	K03518
	1.2.5.3
	coxS

	
	
	K03519
	1.2.5.3
	coxM

	
	
	K03520
	1.2.5.3
	coxL

	Methane metabolism
	Methane oxidation
	K10944
	1.14.18.3;1.14.99.39
	pmoA-amoA

	
	
	K10945
	methane/ammonia monooxygenase subunit B
	pmoB-amoB

	
	
	K10946
	methane/ammonia monooxygenase subunit C
	pmoC-amoC

	
	Methanogen
	K00577
	2.1.1.86
	mtrA

	
	
	K14083
	2.1.1.250
	mttB

	
	
	K05816
	glycerol-3-phosphate
 transporter subunit
	ugpC




Table S3 Information on microbial functional genes 
involved in the N cycling processes identified in this study
	Gene category
	Subcategory
	KEGG orthology
number 
	Encoded protein (EC) / KO Description
	Gene name

	[bookmark: OLE_LINK93]N cycling
	Nitrogen fixation
	K02586
	1.18.6.1
	nifD

	
	
	K02588
	nitrogenase iron protein NifH
	nifH

	
	
	K02591
	1.18.6.1
	nifK

	
	Nitrification
	K10944
	1.14.18.3;1.14.99.39
	amoA-pmoA

	
	
	K10945
	ammonia monooxygenase subunit B/methane
	amoB-pmoB

	
	
	K10946
	ammonia monooxygenase subunit C/methane
	amoC-pmoC

	
	
	K10535
	1.7.2.6
	hao

	
	Denitrification
	K00370
	1.7.5.1;1.7.99.-
	narG/nxrA

	
	
	K00371
	1.7.5.1;1.7.99.-
	narH/nxrB

	
	
	K00374
	1.7.5.1;1.7.99.-
	narI

	
	
	K00368
	1.7.2.1
	nirK

	
	
	K15864
	1.7.2.1;1.7.99.1
	nirS

	
	
	K04561
	1.7.2.5
	norB

	
	
	K02305
	nitric oxide reductase subunit C
	norC

	
	
	[bookmark: OLE_LINK108]K00376
	1.7.2.4
	nosZ

	
	Assimilatory nitrate reduction (ANRA)
	K00372
	1.7.99.-
	nasA

	
	
	K00360
	1.7.99.-
	nasB

	
	
	K00366
	1.7.7.1
	nirA

	
	
	K00367
	1.7.7.2
	narB

	
	[bookmark: OLE_LINK61]Dissimilatory nitrate reduction (DNRA)
	K00362
	1.7.1.15
	nirB

	
	
	K00363
	1.7.1.15
	nirD

	
	
	K03385
	1.7.2.2
	nrfA

	
	
	K15876
	nitrite reductase complex
	nrfH

	
	
	K02567
	1.9.6.1
	napA

	
	
	K02568
	Periplasmic nitrate reductase, electron transfer subunit
	napB

	
	
	K02569
	periplasmic nitrate reductase, electron transfer subunit
	napC

	
	

Nitrogen degradation
	K00262
	1.4.1.4
	GDH1 (gdhA)

	
	
	K15371
	1.4.1.2
	GDH2

	
	
	K01430
	3.5.1.5
	ureA

	
	
	K01429
	3.5.1.5
	ureB

	
	
	K01428
	3.5.1.5
	ureC

	
	
	K01915
	6.3.1.2，5.4.4.3
	glnA

	
	
	K00265
	1.4.1.13
	gltB

	
	
	K00266
	1.4.1.13
	gltD

	
	
	k00926
	2.7.2.2
	arcC


Table S4 Information on microbial functional genes 
involved in the P cycling processes identified in this study
	[bookmark: OLE_LINK126]Gene category
	Subcategory
	KEGG orthology
number 
	Encoded protein (EC) / KO Description
	Gene name

	[bookmark: OLE_LINK79]P cycling
	Organic P mineralisation
	K03788
	3.1.3.2
	aphA

	
	
	K01093
	3.1.3.2;3.1.3.26
	appA

	
	
	K01077
	3.1.3.1
	phoA

	
	
	K01113
	3.1.3.1
	phoD

	
	
	K09474
	3.1.3.2
	phoN

	
	
	K19670
	3.11.1.2
	phnA

	
	
	K06166
	2.7.8.37
	phnG

	
	
	K06165
	2.7.8.37
	phnH

	
	
	K06164
	2.7.8.37
	phnI

	
	
	K06163
	4.7.1.1
	phnJ

	
	
	K05780
	2.7.8.37
	phnL

	
	
	K06162
	3.6.1.63
	phnM

	
	
	K05774
	2.7.4.23
	phnN

	
	
	K09994
	2.3.1.280
	phnO

	
	
	K06167
	3.1.4.55
	phnP

	
	
	K05306
	3.11.1.1
	phnX

	
	
	K03430
	2.6.1.37
	phnW

	
	Inorganic P solubilization
	K00117
	1.1.5.2
	gcd

	
	
	K01507
	3.6.1.1
	ppa

	
	
	K01524
	3.6.1.11;3.6.1.40
	ppx

	
	
	K06137
	1.3.3.11
	pqqC

	
	P regulation
	K07636
	2.7.13.3
	phoR

	
	
	K07657
	phosphate regulon response regulator
	phoB

	
	
	K02039
	phosphate transport system protein
	phoU

	
	P transport
	K02038
	phosphate transport system
	pstA

	
	
	K02036
	phosphate transport system
	pstB

	
	
	K02037
	7.3.2.1
	pstC

	
	
	K02040
	phosphate transport system
	pstS

	
	
	K02041
	phosphonate transport system
	phnC

	
	
	K02044
	7.3.2.2
	phnD

	
	
	K02042
	phosphonate transport system
	phnE

	
	
	K05781
	phosphonate transport system
	phnK

	
	
	K02043
	phosphonate transport system
	phnF

	
	
	K03306
	inorganic phosphate transporter
	pit

	
	
	K05814
	glycerol-3-phosphate
 transporter subunit
	ugpA

	
	
	K05813
	glycerol-3-phosphate 
transporter subunit
	ugpB

	
	
	K05815
	glycerol-3-phosphate 
transporter subunit
	ugpE

	
	
	K05816
	glycerol-3-phosphate
 transporter subunit
	ugpC




Table S5 Physical and chemical properties of soil
	
	RM
	RCP
	RCT

	Soil water content (%) (SW)
	0.35±0.02b
	0.29±0.01c
	0.38±0.03a

	pH
	7.13±0.05a
	6.92±0.05b
	7.17±0.02a

	SOC (g kg-1)
	25.1±1.05b
	23.1±0.46c
	27.4±0.4a

	TN (g kg-1)
	1.81±0.0b
	1.68±0.09c
	2.04±0.07a

	TP (g kg-1)
	0.54±0.04a
	0.45±0.05b
	0.56±0.04a

	NH4+-N (mg kg-1)
	55.86±0.25b
	55.79±1.4b
	59.2±0.23a

	AP (mg kg-1)
	0.82±0.07b
	0.86±0.03b
	1.075±0.04a

	MBC (mg kg-1)
	273.6±13.8b
	248.1±19.7c
	295.5±11.7a

	MBN (mg kg-1)
	26.3±1.67a
	21.9±2.2b
	27.4±1.76a

	MBP (mg kg-1)
	3.87±0.57b
	3.71±0.33b
	4.83±0.45a

	BG (mol g-1 h-1)
	113.2±7.3a
	81.5±9.34b
	60.3±6.7c

	NAG (mol g-1 h-1)
	61.1±8.5a
	33.8±3.6b
	29.6±5.1c

	ALP (mol g-1 h-1)
	361.2±39.5a
	213.6±35.2b
	169.9±18.7c


Note: Different lowercase letters indicate significant differences between treatments (ANOVA Duncan test, p < 0.05)


Fig. S1. Research site (a) and the process of rice-crayfish integrated farming practice (b). 
[image: ]
Fig. S2. The alpha (Shannon) diversities (a), functional diversities (b) and relationship of taxonomic and functional of rice-crayfish system (c). RM: rice monoculture; RCP: the paddy field of rice farming system; RCT: the peripheral trench of rice farming system.
[image: ]
Fig. S3. Relative abundance of soil carbon cycling genes (a) involved in methanogen (b), methane oxidation (c), carbon fixation (d), and degradation (e) under different rice farming systems. RM: rice monoculture; RCP: the paddy field of the rice farming system; RCT: the peripheral trench of the rice farming system.
[image: ]
Fig. S4. The relative abundance of microbial taxa (> 0.1%) by C cycling genes at the phylum (a) and the comparison in different rice farming systems (b). RM: rice monoculture; RCP: the paddy field of the rice farming system; RCT: the peripheral trench of the rice farming system. Significance levels of each predictor are “*” p < 0.05, “**” p < 0.01.
[image: ]
Fig. S5. Relative abundance of soil N cycle gene in different rice farming systems. RM: rice monoculture; RCP: the paddy field of the rice farming system; RCT: the peripheral trench of the rice farming system.
[image: ]
Fig. S6. The relative abundance of microbial taxa (> 0.1%) by N cycling genes at the phylum (a) and the comparison in different rice farming systems (b). RM: rice monoculture; RCP: the paddy field of the rice farming system; RCT: the peripheral trench of the rice farming system. Significance levels of each predictor are “*” p < 0.05, “**” p < 0.01.
[image: ]
Fig. S7. Relative abundance of soil P cycle gene in different rice farming systems. RM: rice monoculture; RCP: the paddy field of the rice farming system; RCT: the peripheral trench of the rice farming system.
[image: ]
Fig. S8. The relative abundance of microbial taxa (> 0.1%) by P cycling genes at the phylum (a) and the comparison in different rice farming systems (b). RM: rice monoculture; RCP: the paddy field of the rice farming system; RCT: the peripheral trench of the rice farming system. Significance levels of each predictor are “*” p < 0.05, “**” p < 0.01.
[image: ]
Fig. S9. Heatmap analysis of the relationships between environmental factors and abundance of carbon (a), nitrogen (b), and phosphorus (c) cycling genes. Significance levels of each predictor are “*” p < 0.05, “**” p < 0.01.
[image: ]
Fig. S10. Heatmap analysis of the relationships between environmental factors and the relative abundance of microbial taxa of carbon (a), nitrogen (b), and phosphorus (c) cycling. Significance levels of each predictor are “*” p < 0.05, “**” p < 0.01.
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Thaumarchaeota
Candidatus_Eisenbacteria
candidate_division_NC10
Cyanobacteria
Armatimonadetes

unclassified_d Archaea

* p<=0.05 ** p<=0.01

(C)

Proteobacteria
Acidobacteria
Chloroflexi
Actinobacteria
Bacteroidota

Candidatus Rokubacteria
Gemmatimonadetes
unclassified d__Bacteria
Euryarchaeota
Nitrospirae
Verrucomicrobia
Firmicutes

Planctomycetota

Thaumarchaeota
Candidatus _Eisenbacteria
candidate _division_NC10
Cyanobacteria
Armatimonadetes

unclassified _d__Archaea

* p<=0.05 ** p<=0.01





