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Analyses of soil physicochemical characteristics
Soil pH was measured with a METTLER TOLEDO pH meter (PHS-3 C, INESA, China). Soil organic carbon (SOC), total N (TN), and organic N were quantified using a C/N elemental analyzer (Multi EA S5000, Jena, Germany). Dissolved organic carbon (DOC) and dissolved organic N (DON) in the filtrates were assessed using a TOC analyzer (Multi-N/C3100, Analytik Jena, Jena, Germany). Soil NH4+ content was determined by the indophenol blue colorimetric method, whereas NO3− content was analyzed by dual-wavelength UV spectrophotometry. Soil physicochemical characteristics were measured following standard methods[1,2].
Calculation of N transformation rates
N transformation rates were determined using equation: (1)–(5)[3]:
Gross NH4+ production rate (mg N kg−1 soil d−1):
                (1)
Gross NH4+ consumption rate (mg N kg−1 soil d−1):
                                               (2)
NH4+ residence time (d):
                                                               (3)
15N loss rate (from the 15NO3− treatment) originating from the NH4+ pool (mg 15N kg−1 soil):
                                                        (4)
The rate of dissimilatory nitrate reduction to ammonium (DNRA) (mg N kg−1 soil d−1):
          (5)
Symbol Explanation: Superscript [ ] denotes an added label (e.g., NH4 = 15NH4+；NO3 = 15NO3−). Subscript [ ] indicates the time point of measurement (e.g., 0.5 = 0.5 h after label addition; 144 = 144 h after label addition; av = average of measurements from two time points, with an interval of 143.5 h). [X] represents the N concentration in pool X (mg N kg−1). [15X] refers to the 15N concentration in the pool X (mg 15N kg−1). [*X] indicates the atom percent excess of pool X (%). [%X] represents the atom percent of pool X (%). "X" refers to NH4+ or NO3−. To eliminate the influence of background values, the 15N abundances used in the calculations have been corrected for the natural abundance of 15N in atmospheric nitrogen (0.3663%).
In addition, the gross NO3− production rate, gross NO3− consumption rate, NO3− residence time, and 15N loss rate (from the 15NH4+ treatment) originating from the NO3− pool were calculated using equations related to NH4+.
2.5 Calculation of cumulative N2O emissions contributions
The cumulative N2O emissions contributions were quantified using the model by Jansen-Willems, with N2O potentially containing 0, 1, or 2 atoms of 15N[4]. 
N2O is produced from autotrophic nitrification of the NH4+ pool, heterotrophic nitrification of the organic N pool, and denitrification of the NO3− pool. an, ad, and ao represent the 15N abundances in NH4+, NO3−, and organic N, respectively, while ax denotes any of these sources. The specific equations are shown in (7)–(9), where ax denotes a generic symbol representing an, ad, and ao respectively:
                               (7)
                      (8)
                                          (9)
The two N in N2O produced by co-denitrification originate respectively from the NO3− pool and the organic N pool. The specific equations are shown in (10)–(12):
                                 (10)
                            (11)
                                         (12)
The proportional contributions of autotrophic nitrification, heterotrophic nitrification, and denitrification to N2O are expressed as n, o, and d, respectively. Therefore, the relative contribution of co-denitrification to N2O can be expressed as 1-n-o-d. The specific equations are shown in (13)–(15):
 (13)
                 (14)
           (15)

Table S1. Fertilization program in tobacco (Nicotiana tabacum L.) cultivation
	Fertilization
	Treatment
	Fertilizer type
	Nutrient Contents
	Application rate
(kg ha−1)

	
	
	
	N content
	P2O5 content
	K2O content
	

	Basal fertilizer
	SN
	Compound fertilizer
	15% N
	8% P2O5
	25% K2O
	520.00 

	
	
	Calcium superphosphate
	-
	18% P2O5
	-
	581.38 

	
	
	Potassium sulfate
	-
	-
	18% K2O
	549.69 

	
	NC
	Commercial organic manure
	25 g N kg−1
	-
	-
	585.00 

	
	
	Compound fertilizer
	15% N
	8% P2O5
	25% K2O
	422.50 

	
	
	Calcium superphosphate
	-
	18% P2O5
	-
	624.72 

	
	
	Potassium sulfate
	-
	-
	18% K2O
	685.11 

	
	NF
	Farmyard organic manure
	10 g N kg−1
	-
	-
	1462.50 

	
	
	Compound fertilizer
	15% N
	8% P2O5
	25% K2O
	422.50 

	
	
	Calcium superphosphate
	-
	18% P2O5
	-
	624.72 

	
	
	Potassium sulfate
	-
	-
	18% K2O
	685.11 

	
	NT
	Bio-organic manure
	30 g N kg−1
	-
	-
	487.50 

	
	
	Compound fertilizer
	15% N
	8% P2O5
	25% K2O
	422.50 

	
	
	Calcium superphosphate
	-
	18% P2O5
	-
	624.72 

	
	
	Potassium sulfate
	-
	-
	18% K2O
	685.11 

	Top-dressing
	SN, NC, NF, and NT  
	Potassium nitrate
	13.5% N
	-
	44% K2O
	144.44 


SN: synthesized chemical fertilizer; NC: commercial organic manure substituting 15% synthesized N; NF: farmyard organic manure substituting 15% synthesized N; NT: bio-organic (Trichoderma viride Pers.) manure substituting 15% synthesized N.
Table S2. Detailed agronomic management of tobacco (Nicotiana tabacum L.) production at Qujing, China
	Management
	Date
	Cultivation

	Tillage
	May 1, 2023
	Plowing + ridging

	
	May 2, 2023
	Pond digging

	
	May 2, 2023
	Plastic mulching

	
	May 9, 2023
	[bookmark: _Hlk160898461]Plastic mulch removal

	
	May 12, 2023
	Pulling seedlings

	
	July 18, 2023
	Tilling and weeding

	Fertilization
	May 2, 2023
	Basal fertilizer

	
	July 10, 2023
	Top-dressing

	plantation
	May 2, 2023
	Transplanting seedlings

	Irrigation
	May 2, 2023
	Irrigating

	
	May 21, 2023
	Irrigating

	
	May 28, 2023
	Irrigating

	
	June 4, 2023
	Irrigating

	Pesticide
	June 24, 2023
	Spraying pesticides

	Harvest
	August 10, 2023
	First harvesting

	
	August 20, 2023
	Second harvesting

	
	September 1, 2023
	Third harvesting

	
	September 10, 2023
	Fourth harvesting
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Table S3. Quantitative real-time PCR amplification primers
	Gene
	Primer
	Sequence 5'-3'
	Amplicon size
	Reference

	Archaeal amoA
	amo19F
	ATGGTCTGGCTWAGACG
	624 bp
	[5]

	
	CrenamoA616r48x
	GCCATCCABCKRTANGTCCA
	
	[6]

	Bacterial amoA
	amoA1F
	GGGGTTTCTACTGGTGGT
	500 bp
	[7]

	
	amoA2R
	CCCCTCKGSAAAGCCTTCTTC
	
	[8]

	nirK
	nirK876C
	ATYGGCGGVCAYGGCGAa
	164 bp
	[7]

	
	nirK1040
	GCCTCGATCAGRTTRTGG
	
	

	nirS
	Nirsed3aF
	GTSAACGTSAAGGARACSGG
	413 bp
	[9]

	
	NirsR3cd
	GASTTCGGRTGSGTCTTGA
	
	[10]

	Fungal nirK
	fnirK2F
	GTYCAYATYGCYAACGGSATGTACGG
	468 bp
	[11]

	
	fnirK1R
	GCRTGRTCNACMAGNGTRCGTCCC
	
	

	nosZI
	nosZ2F
	CGCRACGGCAASAAGGTSMSSGT
	267 bp
	[12]

	
	nosZ2R
	CAKRTGCAKSGCRTGGCAGAA
	
	

	nosZⅡ
	nosZ-II-F
	CTIGGICCIYTKCAYAC
	690-720 bp
	[13]

	
	nosZ-II-R
	GCIGARCARAAITCBGTRC
	
	


a Cytosine is inserted at the underline to increase the coverage of target gene
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